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Polycrystalline KMnHP3O10 has been prepared from solution.
It adopts a triclinically distorted variant of the RbMnHP3O10

structure and an approximate structure re5nement has been
obtained from powder neutron di4raction data (space group P11 ,
a 5 7.102(2), b 5 7.234(1), c 5 9.109(2) As , a 5 72.176(8), b 5
73.762(9), c 5 70.642(12)3 at 2 K). A magnetic ordering
transition is observed at 15 K, below which KMnHP3O10 displays
weak ferromagnetism with a net moment of &0.3 lB per Mn ion
showing that the true structural symmetry may be P1. The
magnetic structure has an a32b32c supercell and is more
complex than that of the Rb and Cs analogues, due to a switching
of the Jahn+Teller distortions of the MnO6 octahedra. ( 1999
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INTRODUCTION

Transition-metal oxosalts exhibit a large variety of struc-
tures which give rise to magnetic exchange networks of
di!erent topologies and dimensionalities. Local electronic
interactions such as Jahn}Teller distortions give further
variety due to the &&orbital ordering'' of unpaired electrons in
cooperatively distorted solids. Switching between di!erent
orbital orderings is known in coordination complexes, for
example by the application of pressure to the Tutton Salt
(NH

4
)
2
Cu(H

2
O)

6
(SO

4
)
2

(1). Frameworks containing Jahn}
Teller distorted polyhedra can also switch between distinct
geometries by means of ion exchange, leading to the possi-
bility of #exible host materials. This behavior was "rst
demonstrated by Li`/H` exchange in MnAsO

4
.H

2
O (2),

which produces a switch in the framework geometry, result-
ing from cooperative changes to the Jahn}Teller distortions
of the MnO

6
octahedra. This change switches the

Mn}O}Mn interactions from being antiferromagnetic in
MnAsO

4
.H

2
O to ferromagnetic in the derivative

LiMnAsO
4
(OH) (3).

These switchable properties have led us to study the series
of hydrogentriphosphates AMnHP

3
O

10
(A"K, Rb, Cs)
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(4), which also contain high spin 3d4 Mn3`. The structures
and low temperature magnetism of the Rb (5) and Cs (6, 7)
phases have recently been reported. Their structures are
topologically equivalent although they have nonisomor-
phous C-centered monoclinic cells (Fig. 1). Strong symmet-
ric P}O...H...O}P hydrogen-bonding links the HP

3
O

10
units into chains which are interlinked by the MnO

6
oc-

tahedra to form a three-dimensional framework with Rb or
Cs cations occupying 10 coordinate sites within the chan-
nels. This can be contrasted to other AIMIIIHP

3
O

10
mater-

ials, such as NH
4
AlHP

3
O

10
(8) and CsGaHP

3
O

10
(9),

which have the A cations separating layers of HP
3
O4~

10
anions and MO

6
octahedra.

Attempts to exchange H` with Li` always led to a col-
lapse of the AMnHP

3
O

10
frameworks, showing that the

strong hydrogen bonding is essential to their stability, so
that these materials do not act as chemically switchable
frameworks. However, the dependence of the magnetic
properties upon the large A cation can be investigated by
comparing the three host structures. At low temperatures,
both RbMnHP

3
O

10
and CsMnHP

3
O

10
show sharp anti-

ferromagnetic transitions at 10 and 11 K, respectively (5, 7).
Their magnetic structures (Fig. 1) are essentially identical
despite the di!erences between their crystal structures. Fer-
romagnetically aligned planes of spins at x"1/4 and 3/4
(using the RbMnHP

3
O

10
cell axes) are coupled antiferro-

magnetically to each other. Here we report the preparation
and magnetic behavior of the third phase, KMnHP

3
O

10
,

and a preliminary study of its complex crystal and magnetic
structures.

EXPERIMENTAL

KMnHP
3
O

10
was prepared from an aqueous solution of

K
2
CO

3
, Mn

2
O

3
, 85% H

3
PO

4
, and concentrated HNO

3
in

a molar ratio of K:Mn:P:N"9:2:30:10. This solution was
heated to 2503C for 48 h and then slow cooled to room
temperature over 12 h, after which the brown microcrystal-
line product was collected by "ltration and washed with
water. The product was characterized by powder X-ray
9
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FIG. 1. [010] projection of the nuclear and magnetic structures of
monoclinic (a) RbMnHP

3
O

10
(C2/c symmetry) and (b) CsMnHP

3
O

10
(C2

symmetry) showing their nuclear unit cells. Only the MnO
6

and PO
4

polyhedra are shown and a single P
3
O

10
unit is hatched in each case.

TABLE 1
Re5ned Structural Parameters for KMnHP3O10 obtained

from Rietveld Analysis of 2 K Neutron Powder Di4raction Data
in Space Group P11 with e.s.d.:s in Parentheses

R factors (%): R
81

"3.6 R
1
"2.6 R

F2 (nuc)"6.0 R
F2 (mag)"19.0

Lattice parameters: a"7.102(2) As b"7.234(1) As c"9.109(2) As ,
a"72.176(8)3 b"73.762(9)3 c"70.642(12)3

Atom x y z

Mn(a) 0 0.5 0
Mn(b) 0.5 0 0.5
K 0.395(5) !0.444(5) 0.245(4)
P(1a) 0.249(4) !0.917(4) 0.243(3)
P(1b) 0.148(3) !0.727(3) 0.726(3)
P(2) !0.141(4) !0.869(4) 0.218(3)
O(1a) 0.031(3) !0.888(3) 0.279(3)
O(1b) 0.128(3) !0.939(4) 0.822(2)
O(2a) 0.251(4) !0.705(3) 0.136(2)
O(2b) 0.364(3) !0.754(3) 0.602(3)
O(3a) 0.381(4) !0.036(4) 0.139(3)
O(3b) 0.000(4) !0.618(3) 0.615(3)
O(4a) 0.275(4) !0.910(3) 0.419(2)
O(4b) 0.188(3) !0.589(3) 0.812(3)
O(5a) !0.139(4) !0.685(4) 0.058(2)
O(5b) 0.366(3) !0.173(3) 0.701(2)
H(1a) 0 0.5 0.5
H(1b) 0.5 0 0

Note. Overall ;
*40
"0.003(4) As 2.

TABLE 2
Bond Lengths (As ) for KMnHP3O10 obtained from Rietveld

Analysis of 2 K Neutron Powder Di4raction Data, with e.s.d.:s in
Parentheses

Mn(a)}O(2a) (]2) 2.30(2) P(1a)}O(1a) 1.45(3)
Mn(a)}O(4b) (]2) 1.99(2) P(1a)}O(2a) 1.55(3)
Mn(a)}O(5a) (]2) 1.79(3) P(1a)}O(3a) 1.41(3)

P(1a)}O(4a) 1.68(3)
Mn(b)}O(2b) (]2) 2.08(2)
Mn(b)}O(4a) (]2) 1.79(2) P(1b)}O(1b) 1.54(3)
Mn(b)}O(5b) (]2) 2.05(2) P(1b)}O(2b) 1.62(3)

P(1b)}O(3b) 1.52(3)
K-O(2a) 2.93(4) P(1b)}O(4b) 1.58(3)
K-O(2b) 3.33(4)
K-O(2b) 3.34(3) P(2)}O(1a) 1.42(3)
K-O(3a) 2.78(4) P(2)}O(1b) 1.51(3)
K-O(3b) 2.68(4) P(2)}O(5a) 1.64(3)
K-O(4a) 3.53(4) P(2)}O(5b) 1.54(3)
K-O(4b) 2.94(4)
K-O(5a) 3.43(4) H(1a)}O(3b) (]2) 1.13(2)
K-O(5a) 3.45(3)
K-O(5b) 2.71(3) H(1b)}O(3a) (]2) 1.32(2)
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di!raction using CuKa radiation. Attempts to prepare
NaMnHP

3
O

10
by the same method were unsuccessful.

Magnetic susceptibility data were recorded using a Quan-
tum Design SQUID magnetometer. A 52.7 mg sample of
KMnHP

3
O

10
was initially cooled to 4 K in zero "eld and

measurements were made while warming in "elds of 0.05,
0.5, and 5 T.

Neutron powder di!raction data were collected at 2 and
150 K, with a wavelength of 2.4177 As , for 40 min per pattern
on the D20 instrument at ILL, Grenoble. This instrument
contains a static bank of 1600 detectors in 0.1 intervals over
the range 0}160 2h. Rietveld analysis of the 2 K data was
performed using the GSAS software package (10).

RESULTS

The powder X-ray di!raction pattern of KMnHP
3
O

10
was indexed on a triclinic C-centered cell (a"11.765(2),
b"8.331(1), c"9.155(1) As , a"91.57(1), b"111.14(1),
c"88.93(1)3) similar to that of monoclinic RbMnHP

3
O

10
(5) showing that the structure is a triclinally distorted vari-
ant of the latter arrangement. A Rietveld "t to the 2 K
neutron di!raction data was achieved with an asymmetry
corrected pseudo-Voigt peak shape and a linear interpo-
lated background function. The starting model for the nu-
clear "t was derived from the C2/c RbMnHP

3
O

10
structure

by transforming the coordinates to the primitive cell de-
scribed by the vectors

A
a
K

b
K

c B"A
1/2 !1/2 0

1/2 1/2 0

0 0 1B A
a
R"

b
R"

c B
(c is common to both structures and so is not subscripted),
and lowering the symmetry to P11 . This produces several
inequivalent sites which are labeled a and b in Table 1.
Attempts to "t the data by constraining the atomic posi-
tions using C/2c symmetry operations gave very poor agree-
ment and in the "nal model all of the variable coordinates
were re"ned independently in P11 . Results are displayed in
Tables 1 and 2 and the "t is shown in Fig. 3.



FIG. 2. Low-temperature magnetic susceptibility data for
KMnHP

3
O

10
measured in 0.05, 0.5, and 5 T "elds.
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The magnetic susceptibility data reveal a transition from
paramagnetic to ordered behavior at ¹

C
"15 K. The "eld

dependence of the susceptibility shows that there is a fer-
romagnetic component to the magnetic ordering (Fig. 2).
The zero "eld saturated magnetic moment of &0.3 k

B
per

Mn ion indicates that ferrimagnetic or weak ferromagnetic
order occurs.

Long-range magnetic ordering is con"rmed by the ap-
pearance of several magnetic di!raction peaks in the neu-
tron di!raction pattern on cooling from 150 to 2 K (Fig. 3).
These were indexed on an a

K
]2b

K
]2c supercell and the

magnetic intensities were "tted using the collinear model
shown in Table 3 and a calculated magnetic form factor (11).
It was not possible to re"ne the Mn(a) and Mn(b) moments
independently. The re"ned components of the magnetic
moment were k

x
"1.4(2), k

y
"3.7(1), and k

z
"!0.6(2) k

B
,

and the resultant moment has magnitude 4.0(1) k
B
, consis-

tent with high spin 3d4 Mn3`, and similar to the re"ned
values for RbMnHP

3
O

10
and CsMnHP

3
O

10
(5, 7). A good

"t to the magnetic peaks is obtained (Fig. 3b) despite the
presence of a small amount of secondary phase.

DISCUSSION

The AMnHP
3
O

10
structure is stabilized by the large

cations A"K, Rb, and Cs although the three phases all
TABLE 3
The Coordinates and Relative Directions of the Eight Mn Spins

in the aK32bK32c Magnetic Supercell of KMnHP3O10

Site x y z Spin Site x y z Spin

Mn(a) 0 0.75 0.5 # Mn(b) 0.5 0.5 0.25 #

Mn(a) 0 0.25 0.5 ! Mn(b) 0.5 0 0.25 !

Mn(a) 0 0.75 0 ! Mn(b) 0.5 0.5 0.75 !

Mn(a) 0 0.25 0 # Mn(b) 0.5 0 0.75 #
have di!erently distorted variants of the basic framework.
The triclinic KMnHP

3
O

10
structure is the lowest symmetry

arrangement. The low resolution of the present powder
neutron di!raction data leads to a low precision in the
re"ned atomic coordinates and the derived bond distances
(Tables 1 and 2). Taking the usual convention that the
calculated standard deviations underestimate true values by
a factor of at least three, then the given bond distances can
only be considered reliable to within $0.1 As , so that fea-
tures such as the geometry of the triphosphate group are not
clear. The K ion is in 10-fold coordination, but the K}O
distances show a bimodal distribution with "ve short
(2.7}2.9 As ) and "ve long (3.3}3.5 As ) contacts. This can be
compared to the Rb (two short (2.8 As ), six intermediate
(3.1}3.3 As ) and two long (3.7 As )) and Cs (eight short (3.1}3.4)
and two long (3.7 As )) environments in the related structures,
showing that the coordination becomes less regular as the
size decreases.

The structures of RbMnHP
3
O

10
and CsMnHP

3
O

10
con-

tain a single Mn site which is surrounded by a typical
Jahn}Teller [2#2#2] distorted octahedron with two
Mn}O bond distances of 1.92, 1.98, and 2.21 As and 1.89,
1.94, and 2.16 As , respectively. The triclinically distorted
KMnHP

3
O

10
structure contains two Mn sites of which

Mn(a) again has a [2#2#2] distorted environment (1.8,
2.0, and 2.3 As ) but Mn(b) appears to have an unusual
[2#4] coordination with two short (1.8 As ) and four long
(2.1 As ) bonds. Further re"nements using more highly re-
solved data are needed to con"rm the type and magnitude
of these distortions.

KMnHP
3
O

10
di!ers from the Rb and Cs analogues in

having a ferromagnetically ordered moment below ¹
C
"

15 K, whereas the other two materials are purely antifer-
romagnetic. The magnetic structure of KMnHP

3
O

10
is also

more complex in having a doubled periodicity in the c direc-
tion arising from a di!erent spin arrangement in the b

R"
c

plane (Fig. 4). In RbMnHP
3
O

10
and CsMnHP

3
O

10
the

spins in this plane are aligned ferromagnetically, whereas in
KMnHP

3
O

10
they have an antiferromagnetic arrangement.

Both the Mn(a) and Mn(b) sublattices are antiferromagnetic
so that the net moment cannot be explained by a simple
ferrimagnetism arising from opposing but unequal Mn(a)
and Mn(b) spins or by the possibility that the Mn(a) spins
are not collinear with those at the Mn(b) sites. Weak fer-
romagnetism due to slight canting of the sublattice mo-
ments is often found in low symmetry transition metal
oxosalts, e.g., b-CrAsO

4
(12) and Li

2
Fe

2
(MoO

4
)
3

(13), but
this is symmetry-forbidden when the moments are related
by an inversion center of symmetry as is the case for all
Mn(a)}Mn(a) and Mn(b)}Mn(b) interactions in the re"ned
P11 structure of KMnHP

3
O

10
. However, if the true sym-

metry is P1 then this restriction no longer holds, so that
a plausible explanation for the net moment in KMnHP

3
O

10
is that weak ferromagnetism arises from spin canting within



FIG. 3. Observed (#), calculated (full line), and di!erence powder neutron di!raction pro"les of KMnHP
3
O

10
at 2 K (upper markers for magnetic

re#ections, lower for nuclear): (a) shows the full pro"le and (b) contains the low angle region with magnetic peaks marked with arrows and those due to
a secondary phase marked with (*).
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an acentric structure. Canting by &43 from the antiparallel
arrangement accounts for the observed ferromagnetic mo-
ment.

In conclusion, the three AMnHP
3
O

10
phases (A"K, Rb,

Cs) all have di!erent structural symmetries. The monoclinic
Rb and Cs materials have the same Jahn}Teller distortion
around the Mn3` site and identical antiferromagnetic struc-
tures at low temperatures. However, the smaller K cation
switches the framework to a lower triclinic symmetry in
which two, di!erently distorted MnO octahedra are pres-
6

ent. (The same change from monoclinic symmetry with one
Mn site to triclinic with two sites is observed in the
MnAsO

4
.H

2
OPLiMnAsO4(OH) transformation (2).) The

switch of orbital ordering also leads to a switch in magnetic
order, from antiferromagnetic with a simple collinear ar-
rangement for A"Rb and Cs to weakly ferromagnetic with
a more complex magnetic structure for A"K. A further
high-resolution neutron di!raction study will be needed to
determine the precise structure and fully rationalize the
magnetic properties of KMnHP O .
3 10



FIG. 4. Comparison of the magnetic structures of RbMnHP
3
O

10
(top)

and KMnHP
3
O

10
(bottom) viewed on the [100] plane (using the

RbMnHP
3
O

10
cell axes). Filled/open circles represent #/! relative spin

directions for Mn atoms in the x"1/4 plane. Structurally inequivalent
Mn(a)/Mn(b) sites in KMnHP

3
O

10
are represented by single/double

circles.
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