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The crystal structure and single-crystal ac magnetic susceptibilities of KMnF,- H,O are reported. The
structure, which is isomorphous to that of RbMnF,- H,O, consists of chains of alternating trans-[MnF,
Fy,1*~ and trans-[MnF,F,,(H,0),] tetragonally elongated octahedra connected to each other by shared
apical fluorine atoms. Crystal data: Space group C2/c, a = 13.907(1) A, b=62136Q) A, c = 10.492(1)
A, B = 104.69(1)°, V = 877.0(2) A>, D. = 285 gcm™, Z = 8, R = 0.044. Magnetic susceptibility
measurements show a broad maximum around 52 K indicative of lower dimensionality behavior. The
data may be fit to a Heisenberg § = 2 linear chain model with J/kp = —6.5 K and g = 2.05. At8.45K a
sharp peak in the susceptibility data parallel to the chains indicates weak ferromagnetic behavior.
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Introduction

The search for and study of materials
with quasi-one-dimensional magnetic prop-
erties is a long-standing area of active re-
search (see, for example, (1)). Fluorinated
Mn(I1l) compounds provide a number of
such materials with potentially interesting
propertties, since the influence of a strong
Jahn-Teller effect (2) favors a tendency to
form chains or layers of corner-sharing co-
ordination octahedra. Thus, the crystalline
structure of (NH4),MnF; consists of chains
of trans-[MnF.,F,;)*~ octahedra (3) while
similar types of chains appear in A’MnFs-
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H,0, with Al = K (¢), Rb (5, 6), and Cs (7),
and in A"™nF;-H,0, with Al = Sr and Ba
(8). The H,O molecules lie between the
chains. It is worth noting however that, as a
general rule, monohydrated salts with for-
mula A;MXs-H,0, where M is a trivalent
transition metal and X is a halogen ion, tend
to consist of discrete [MXs(H>O)]*~ units.
That is the case, for example, for K,CrFs-
H,0 (9), AFeXs-H,0 (A = K, NH,, Rb,
Cs; X = F, Cl, Br) (10), or NH4 ;Mo X5
H,O (X = Cl, Br) (11). One of the few ex-
ceptions to this rule is the hydrothermally
prepared 3-Rb,FeFs-H,O which also ex-
hibits trans-linked [FeF,F,;]?~ chains (12).

On the other hand, when the number of
fluorine atoms per formula unit is four,
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Mn(I1II) compounds do not seem to present
such homogeneous behavior. In fact, the
crystalline structure of tetrafluoromanga-
nate(IIT) derivatives can be formed by lay-
ers, chains, or isolated coordination octa-
hedra, depending on the number of water
molecules in the formula unit. Thus, CsMn
F, is known to form layers of elongated
trans-[IMnF>F4,]~ octahedra, where the
four fluorine atoms placed at the layer plane
are shared by four neighbor octahedra, its
structure being of the TIAIF, type (13). The
compound RbMnF,- H,0 consists of chains
in which alternate trans-[IMnFF,,]>~ and
trans-[MnF,F,,(H,0),] octahedra are con-
nected with each other by sharing apical
fluorine atoms (I4). Finally, compounds
with two molecules of water in the formula,
such as CsMnF,-2H,0 (I5) and (CH;),
NMnF,-2H,0 (I4) have a structure formed
by isolated [MnF4(H,0),]~ octahedra. Un-
der this scheme, KMnF,-H,0 should ex-
hibit a coordinative behavior similar to Rb
MnF,-H,0 and, therefore, present one-di-
mensional properties.

A further reason of interest in the present
study is that Mn(III) is, together with
Cr(II), a d* ion. Little is known of the mag-
netic properties of compounds of d* ions
generally, and less is known about the mag-
netic properties of Mn(III) derivatives. In a
recent paper we have reported on the mag-
netic properties of RbMnF,-H,O (I/6)
showing that, apart from its one-dimen-
sional antiferromagnetic behavior, it ex-
hibits at the (3-d) ordering temperature a
canting between both magnetic sublattices.
It is as well relevant to verify whether weak
ferromagnetic properties are also present in
the potassium derivative. In this paper we
present the crystalline structure and mag-
netic properties of KMnF,-H,0O and com-
pare them with those of the Rb analog.

Experimental Section

A. Sample preparation. Manganese(I1I)

oxide, prepared by heating MnO, at 700°C
(17), was dissolved in 20% hydrofluoric
acid and the MnF; formed was allowed to
diffuse into a hydrofiuoric acid solution of
KF. The MnO,: KF molar ratio used was
always somewhat higher than 1:1 because
the reduction of MnO, to Mn,0; was never
quantitative. A gel made with 2% of agar—
agar was used as support for the diffusion
process (18). After a few days, two distinct
specimens of crystals, which from chemical
analysis were shown to be KMnF, H,0O
and K,;MnF;s-H,0, could be collected from
the intermediate gel phase and readily sepa-
rated from each other because of their dif-
ferent color and shape. KMnF,-H,O was
recrystallized by slow evaporation of a so-
Iution of the appropriate crystals in 2 N hy-
drofluoric acid. (Found: Mn, 29.33%; calc:
Mn, 29.23%.)

Large single crystals, of about 15 mg,
suitable for susceptibility measurements
were obtained after 2 to 3 months of slow
evaporation of saturated solutions of KMn
F4-H;O in 2 N hydrofluoric acid. The exter-
nal morphology of these crystals tends t)
be prismatic with a rhombic cross section,
the prism axis being parallel to the [100]
direction of the crystal while the small diag-
onal of the rhombic section lies parallel to
the [010] direction.

B. Magnetic measurements. Magnetic
ac susceptibility measurements, at zero ex-
ternal magnetic field, were made between
4.2 and 100 K on single crystals along direc-
tions parallel to the three principal axes of
the susceptibility tensor. The frequency of
the excitation current was 333 Hz, the alter-
nating field at the coils being 1074 T.

Correction for diamagnetic contribution
of the molecule falls within the experimen-
tal error and was not taken into account.
The effect of temperature-independent
paramagnetism (TIP) was more difficult to
calculate since at 100 K short-range interac-
tions, typical of the lower dimensionality
characteristics of the compound, were not
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negligible. Nevertheless, from the asymp-
totic behavior of the experimental data one
can estimate that TIP affects the experi-
mental points for, at the most, 5%, which in
turn does not have an influence on the fitted
values of Jg/k and g.

C. Crystal data and structure analysis.
All measurements on a brown-colored sin-
gle crystal of 0.37 x 0.30 x 0.30 mm were
made on a fully automated diffractometer
with graphite-monochromated MoK« radi-
ation (A = 0.71069 10\). The cell parameters
were determined by least-squares fit from
the Bragg angles for 35 reflections mea-
sured for both positive and negative 260 an-
gles. Intensities of 2009 independent reflec-
tions were collected up to 8 = 40° with an
/28 scan technique. No crystal decompo-
sition was observed. An absorption correc-
tion was performed using the ORABS (/9)
program. One thousand twenty one reflec-
tions were considered as observed with 1 >
20(I) and used in the remaining calcula-
tions. Lorentz and polarization effects were
applied as usual (Table I).

Atomic positions taken from the isomor-
phous Rb compound (/4) were used to start
with the least-squares refinements. A dif-
ference synthesis, calculated with those re-
flections with sin /A < 0.5 A1, clearly

TABLE I
CRrYSTAL DATA

Molecular formula H,F,MnOK
Formula weight 188.05
Crystal system Monoclinic
Space group C2/c

a 13.907(1) A
b 6.2136(2) A
¢ 10.492(1) A
8 104.69(1)°

1% 877.0(2) A3
D, 2.85gcm™?
z 8

F(000) 720

A 0.71065 A
m 38.27 cm™!

TABLE 11
COEFFICIENTS FOR THE WEIGHTING SCHEME

a b c d

Fo=9 132 —0.05
Fo>9 027 004

sin §/X = 0.57 3.60 -5.57
0.57 < sin 9/A = 0.69 -1.63 3.69
sin 8/X > 0.69 0.40 0.66

showed both H atoms of the water mole-
cule. To prevent bias on (WAZF) vs (F,)
and vs {sin 8/\), the last steps of the refine-
ment were carried out with weights given
by w = w; - wa, where w; = 1/(a + b |F,|)?
and w, = 1/(c + d sin 8/)) with coefficients
shown in Table II. Final refinement, includ-
ing positional parameters of the H atoms,
led to R = 0.044 and R,, = 0.051.!

Results and Discussion

Final positional and thermal parameters
for the compound are given in Table III. A
half-normal probability plot (2/) comparing
our fractional coordinates with the ones
given for the isomorphous Rb derivative
(14) gives a linear array with a correlation
coefficient of 0.98 (Rb and K have been ex-
cluded).

Table IV contains a list of bond lengths
and bond angles and a projection of the
structure down the b axis is shown in Fig.
1. The geometry around the Mn octahedra
is in good agreement with the one found for
the Rb compound (/4). Similarly, the elon-
gation of some of the Mn-0O and Mn-F dis-
tances is to be ascribed mainly to the Jahn—
Teller effect.

The H atoms of the water molecule are
involved in two hydrogen bonds (Table III).
One of them, O(1)...F(3)! connects two
parallel chains of Mn octahedra and shows
a typical geometry. The other H bond (in-

! Most calculations were performed using the X-
RAY 70 system (20) on the UNIVAC 1100/80 com-
puter, J.E.N., Madrid.
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TABLE 111

ATOMIC COORDINATES AND THERMAL PARAMETERS
as Uy = 4 3;Uatal(a; - ap)

Udg
x/a y/b e (x10%)
K 0.0806(0) 0.7422(1)  0.4425(1)  300Q2)
Mn(l) 0.250000) 0.2500(0) 0.500000) 137(1)
Mn(2) 0.0000(0) 0.2469(1) 0.2500(0)  132(1)
FQ1) 0.1075(1) 0.2539(3) 0.4368(2) 264(5)
FQ2) 0.2501(1) —0.0317(2) 0.4621(2) 282(5)
FQ3) 0.0649(1) 0.0349(3) 0.1817(2)  349(5)
F4) 0.0681(1) 0.4569(3) 0.1863(2) 308(5)
oD 0.2644(1) 0.3249(3) 0.3052(2) 270(6)
HQ) 0.320(8) 0.414(16) 0.314(9) 630(0)
H(Q2) 0.220(7) 0.394(16)  0.266(9) 630(0)

ter- and intrachain) could be accepted as
asymmetrically bifurcated.

Magnetic susceptibility measurements
are shown in Fig. 2. The axes labeled as d
and e correspond to directions parallel and
perpendicular to the chain within the ac
plane, respectively. Two of the principal
axes of the susceptibility tensor must lie in
the ac plane, and correspond to directions
of maximum and minimum susceptibility.
The data indicate that the e axis is in fact
the axis of preferred antiferromagnetic
alignment because the susceptibility tends
to zero value at low temperatures. The b
axis, which is necessarily a principal axis of
the susceptibility tensor for a monoclinic
system, is a hard perpendicular axis of an
ordered antiferromagnet, for it maintains a
constant value after it rises to a maximum
of the susceptibility.

At temperatures above 10 K, there ap-
pears a broad maximum at about 52 K cor-
responding to the one-dimensional charac-
ter of the compound. The maximum, which
is clearly observed along the ¢ and d axes,
is hardly detected along the b axis where it
appears to be around 38 K.

Below 10 K the data observed parallel to
the d axis exhibit a very sharp peak at about
8.45 K. The small peaks observed in the

data parallel to the b and e directions are
due to minor misorientations of the crystal.
A similar behavior has also been observed
in the case of RbMnF,-H,0 (I16), although
in the present case the peak is sharp and
does not exhibit the satellite peaks which
appear in the Rb compound. The behavior
is characteristic of a 1-d antiferromagnetic
alignment with the magnetic moments
canted toward the d axis within the ac crys-
tallographic plane. As a consequence a
weak ferromagnetic moment below the or-
dering temperature is present.

The fit from high-temperature series (hts)
expansion for a Heisenberg § = 2 linear
chain (22) together with the values for

TABLE IV
BonD LENGTHS (A) AND ANGLES (%)

Distances and angtes of Ma(i) octahedron

Mn(1)-F(1) 1.924(1) F(1)-Mn(1)-F(2) 89.70(7)
Mn(1)-F(2) 1.795(1) F(1)-Mn()-0(1) 90.33(7)
Mn(1)-O(1) 2.155(2) F(2)-Mn(1)-0(1) 89.70(9)
Distances and angles of Mn(2) octahedron
Mn(2)-F(1) 2.143(2) F(1)-Mn(2)-F(3) 94.20(7)
Mn(2)-F(3) 1.842(2) F(1)-Mn(2)-F(4) 90.79(7)
Mn(2)-F(4) 1.835(2) F(1)~-Mn(2)-F(3)' 87.48(7)
F(1)-Mn(2)-F(4)! 87.55(7)
F(3)-Mn(2)-F(4) 91.00(8)
F(3)-Mn(2)-F(3)! 88.69(9)
F(4)-Mn(2)-F(4)! 89.37(8)
F(1)-Mn(2)-F(1)! 177.66(7)
F(3)-Mn(2)-F(4)! 178.21(7)
Distances of K polyhedron
K-F(1) 3.060(2) K-F(1)!v 3.182(2)
K-F4) 3.188(2) K-F@2)V 2.658(2)
K-F(4)! 2.798(2) K-F)Vt 2.923(2)
K-F()m 3.204(2) K-F@)VW 2.786(2)
K-F(m 2.707(2) K-F(@V! 2.886(2)
K-F3)H 3.246(2)
Intermolecular contacts
X..Y X-H H..Y <X-H..Y
X-H..Y A A (A) ©
Intramolecular
O(1)~H(2)...F(4)° 2.820 07709  2.1109) 153(10)
Intermolecular
O()-H(1)...FG3)IL 2.681(3) 0939 17609 168(9)
O(1)-H(Q2)...F 2.900(3) 077D 2.5 108(9)

Note. Symmetry operations: I, —x,y,0.5 - z;11,0.5 - x,0.5 + y,0.5
—nlLx, t+y, IV, —x,1—y, {—2;V,05-x,05-y,1—z; VL, x,
1-y,05+ 2 VIIL -x,1+y,05-2z

a Asymmetrically bifurcated hydrogen bond.
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KMnF, -H;0

Fi1G. 1. Crystal structure of KMnF,-H,0 projected
on the ac plane. Dotted lines indicate hydrogen bonds.

kaTmax/|J| = 6.78 and XmaxlJ|/Ng2ui =
0.095, calculated by Navarro from hts by
extrapolation techniques (23), gives J/kg =
—6.5 K with g = 2.05.

These values are almost equal to the fit-
ted values obtained in the case of the analo-
gous RbMnF,-H,O compound (/6), where
J/kg = —6.2 K with g = 2.03. An explana-
tion for such similar magnetic behavior can
be found by comparing superexchange
pathways through the chains in both com-
pounds. Intrachain magnetic interactions
extend through zigzag Mn—-F-Mn bridges,
the angles at the fluorine vertex being 137.2
and 138.0° for the K and Rb compounds,
respectively, with in-chain Mn-Mn dis-
tances of 4.081 and 4.108 A, respectively.
According to the Goodenough and Kana-
mori rules (24) the intensity of the superex-
change interaction should strongly depend
on the Mn—-F-Mn angle which is closely
related with the overlap of o-orbitals in-

volved in the bridging bonds. Therefore, it
is not surprising to find in KMnF,-H,0 a
1-d magnetic behavior very near to that
found for RbMnF,- H;O.

It is more interesting to compare the
magnetic and structural behavior of these
compounds with other fluoromanga-
nate(III) linear chain derivatives (25) by us-
ing the linear correlation found by Massa
and Pebler (26). In Fig. 3, the intensity of
the superexchange interaction is plotted as
a function of the Mn—F-Mn angle for KMn
F,-H,0 and RbMnF,-H,0O and compared
with other previously reported Mn(III) de-
rivatives. It is remarkable that these two
linear chain compounds are the only ones in
which oxygen atoms are involved in the co-
ordination sphere of Mn(III) ions and yet
only a small influence, mostly due to the

T T T T T
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F1G. 2. Temperature dependence of zero-field mag-
netic susceptibility along the three principal axes. For
T < 10K a dotted line is used as guide to the eye. Solid
line is the theoretical calculation (see text).
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F1G. 3. Correlation between magnetic exchange in-
teraction and pathway angle.

different Jahn-Teller distortion within the
chains, can be detected on the magneto-
structural correlations.

The chains in the magnetic system are
not isolated from one another since at a
temperature somewhat above 8.45 K three-
dimensional interaction between chains es-
tablishes a transition to an ordered anti-
ferromagnet with small canting in the mag-
netic sublattices. It is not easy to establish
precisely the temperature T, at which the
transition to long-range ordering occurs and
the peak at T = 8.45 K can be given only as
a lower bound for the value of 7.. In most
antiferromagnets 7. is determined by the
maximum slope in x; (see, for example,
(27)). In KMnF,-H,0 the easy axis of anti-
ferromagnetic alignment is parallel to the e
axis; however, at the temperature of the
peak the values of the susceptibility data
parallel to the d axis are three orders of
magnitude higher than those parallel to the
e axis and, therefore, a minute misorienta-
tion of the crystal greatly influences the ob-
served susceptibilities along e. On the other

hand, the existence of canting leads to a
weak ferromagnetic moment along the d
axis indicated by peaks in both in-phase and
out-of-phase (28) components of the ac sus-
ceptibility curve. In fact, nonzero values of
the out-of-phase component of the suscep-
tibility at zero external magnetic field are
indicative of absorption effects due to the
presence of net magnetic moments. How-
ever, zero-field absorption effects are
present up to 9.1 K, a temperature which
should be considered well above T.. A
similar behavior has also been found in
the analogous RbMnF,;-H,O where very
slow relaxation processes are present and
susceptibility measurements have to be
considered, at the measuring frequency, as
adiabatic ones (/6). A more elaborate study
of the weak ferromagnetic properties in-
cluding magnetization and frequency de-
pendence is in progress.

Finally, it is of interest to comment upon
the ideality of the magnetic chain in the K
derivative and to compare it with that of the
Rb analog. In a system of weakly coupled
chains, the ordering temperature can be
considered to be the temperature at which
the thermal energy equals the interaction
energy between correlated chain segments
(29, 30):

keTc/[J| = E(TORS(S + 1),

where £(T.) is the correlation length within
the chain, and R = |J'/J| is the ratio of
inter- to intrachain exchange. For the
Heisenberg chain

E(T) = 2|J|S(S + D/ksT
so that
keT /|| = S(S + 1Q2R)'2.

The above relation provides a value of R =
2.3 x 1072 for KMnF,- H,O which is essen-
tially equal to R = 2.2 X 1072 calculated in
the case of RbMnF,-H,0. Since a certain
degree of anisotropy is always present in
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Mn(III) systems, the above values should
be considered as an upper bound for R.

In conclusion, the present study shows
that KMnF,- H,O is a 1-d magnetic system
presenting weak ferromagnetism below the
magnetic ordering temperature. It is struc-
turally isomorphous with RbMnF,-H,0,
and both compounds exhibit similar mag-
netic behavior. Nevertheless, the shape of
the peak due to weak ferromagnetism in the
K compound differs from that exhibited by
the Rb analog, a fact which permits one to
expect differences between the spin-lattice
relaxation properties of both compounds.

Supplementary material available. A list-
ing of anisotropic thermal parameters and
structure factor amplitudes is available (15

pages).?
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