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Powder neutron diffraction data have been used to refine the crystal structure of KBaFe,(PO,); at 4.2
K; space group P2,3, g, = 9.8732(1) A. The material is isostructural with the mineral langbeinite,
having two crystallographically distinct, octahedrally coordinated Fe3* ions in the asymmetric unit.
Maéssbauer effect spectroscopy and magnetic susceptibility measurements show that KBaFe,(PO,);
orders as an L-type ferrimagnet with 3.9 < Tc < 4.2 K. The variation of Hj, has been monitored by

Maoéssbauer spectroscopy in the temperature range 1.3 < T < 4.2 K.

Introduction

We have recently reported the structural
and magnetic properties of the L-type ferri-
magnets Fe;(SOy); (1) and Fex(MoOy); (2)
which have a garnet-related structure con-
sisting of an infinite network of FeQg octa-
hedra sharing corners with X0, tetrahedra
(X = S or Mo). The magnetic superex-
change takes place along pathways of the
form Fe—O-X-O-Fe and leads to Curie
temperatures of 28 and 12 K in the sulfate
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and molybdate, respectively. The ferrimag-
netism arises because, although all the su-
perexchange interactions between Fe?* : d°
ions are inherently antiferromagnetic, the
monoclinic symmetry of the structures re-
quires that there are two crystallographi-
cally distinct iron sites in Fe,(SOy); and four
in Fe,(MoQ,);. The different sites experi-
ence slightly different molecular fields be-
low the magnetic ordering temperature and
hence the dependence of sublattice magne-
tization on temperature differs for each
site, leading to a small, uncompensated
magnetization in the temperature range 0 <
T < T. (3). The effect can be detected ex-
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perimentally by Mossbauer spectroscopy,
where the observed spectrum consists of
two or more overlapping sextets, one from
each site. The inverse magnetic susceptibil-
ity of an L-type ferrimagnet shows a sharp
fall at 7. but then increases again as the
sublattice magnetizations approach the
same saturation value at absolute zero.
The factors which determine the Curie
temperatures of Fex(S0;); and Fex(MoQy)s
have been discussed previously (2). They
include the length of the superexchange
pathway, which is governed by the size of
X, and the nature of the bonding in the XOy,
group, which is governed by the electroneg-
ativity of X. In order to develop this study
further, we have prepared and investigated
the material KBaFe,(PO,); (4), which is iso-
structural with the mineral langbeinite,
K,Mg,(S0,4); (5) and thus has two crystal-
lographically distinct Fe3* sites in a cubic
structure. It is intermediate between the
garnet structure, A;M,(X04); and the
monoclinic ferric sulfate type, My(XO,)s.
The material affords us the opportunity to
compare superexchange through phosphate
groups with that through molybdate and
sulfate, but unfortunately, the nature of X is
not the only modification to the structure,
as two of three previously vacant c sites in
the distorted garnet structure are now occu-
pied by the cations, K* and Ba?*. These
ions might be expected to compete for the
anion charge density which will not then be
available for superexchange interactions,
thus lowering the Curie temperature. Elec-
tronegativity arguments would lead us to
predict that the superexchange through
phosphate would be stronger than that
through molybdate but weaker than that
through sulfate. Size arguments lead to the
same conclusion. In order to test these pre-
dictions we have studied KBaFe,(PO,); by
Mossbauer spectroscopy and magnetic sus-
ceptibility techniques. We have also carried
out neutron diffraction experiments to ob-
tain an accurate picture of the environ-

ments of the Fe** ions, and to ascertain
whether the potassium and barium cations
are ordered or disordered. The results of
the diffraction experiments have been com-
pared to predictions made by lattice energy
calculations.

Experimental

A polycrystalline sample of KBa-
Fe,(PO,); was prepared by firing a stoichio-
metric mixture of potassium and barium
carbonates, ferric oxide, and ammonium di-
hydrogen phosphate for 72 hr at a tempera-
ture of 1100°C in a platinum crucible.
Guinier photographs and analytical elec-
tron microscopy indicated that the product
was an homogeneous single phase. Powder
neutron diffraction data were collected at
4.2 K using the diffractometer Dla at ILL
Grenoble, France. A mean neutron wave-
length of 1.909 A was used to collect data at
26 intervals of 0.05° in the angular range 20°
< 26 < 158° with a monitor count of 3 x 10*
neutrons per point. Magnetic susceptibility
measurements were made on an Oxford In-
struments Faraday balance using a mag-
netic field of 9.95 kG and a field gradient of
122G cm™.

The Mdssbauer effect absorber was pre-
pared by mixing finely powdered KBa-
Fe,(POy4); with Vaseline to remove as far as
possible any potential crystallite orienta-
tion effects and contained ca. 54 mg/cm?.
The spectra were obtained on a Harwell
constant acceleration spectrometer which
used a room-temperature rhodium-matrix
source and was calibrated at room tempera-
ture with natural a-iron foil. Liquid-helium
and subhelium temperature spectra were
obtained in a cryostat in which the sample
was placed directly into liquid helium. The
sample temperature was measured by de-
termining the vapor pressure of helium gas
in equilibrium with the liquid helium. The
variation in the sample temperature during
the accumulation of the Mossbauer spec-



18 BATTLE ET AL.

TABLE I
ATtoMic CoorDINATES FOR KBaFe,(PO,); AT 4.2 K

Atom Site x y z
K/Ba(1) 4a  0.0672(4) 0.0672(4) 0.0672(4)
K/Ba(2) 4a  0.2959(5) 0.2959(5)  0.2959(5)
Fe(1) 4a  0.5855(2) 0.5855(2)  0.5855(2)
Fe(2) 4a  0.8526(2) 0.8526(2) 0.8526(2)
P 126 0.6263(4)  0.4606(3)  0.2724(5)
o) 12b 0.6531(3) 0.5012(4) 0.4185(4)
0Q) 12b 0.7607(4) 0.4845(4)  0.1993(4)
0Q3) 126 0.5796(4) 0.3160(4)  0.2594(4)
0@4) 126 0.5245(4)  0.5537(4)  0.2031(4)

Note. The following neutron scattering lengths were
used: by, = 0.52, by = 0.37, bg. = 0.96, b, = 0.51, b, =
0.58 x 10~“m,

trum is indicated in the brackets in the fig-
ures and in Table III. In other words the
temperature ranged from 2.33 to 2.29 K for
the spectrum obtained at 2.31(2) K for a
percentage change of 1.7. The largest such
change is 3.1% at 1.30(2) K.

Results

Neutron Diffraction

The neutron diffraction data collected at
4.2 K could be indexed in the same cubic
space group, P2,3, as has been reported in a
previous room temperature study (4) of
KBaFe,(PO,);. The diffraction pattern was
analyzed using the Rietveld profile analysis
technique (6), taking the coordinates of
K;Mg:(S04); (5) as a starting model for the
structure. There was no evidence to sug-
gest that the material is magnetically or-
dered at 4.2 K. The intensities of 224 reflec-
tions, distributed over 2760 profile points,
were used to refine 19 atomic parameters
and the usual profile parameters, leading to
a final weighted profile R factor of 9.7%.
The final atomic coordinates are listed in
Table I and selected bond lengths and bond
angles are presented in Table II. The unit
cell parameter refined to a value of

9.8732(1) A are the overall isotropic B fac-
tor to 0.02(2) A?. Here and throughout this
paper the number in brackets is the esti-
mated standard deviation in the last figure.
The observed and calculated diffraction
profiles are drawn in Fig. 1. Models in
which the potassium and barium ions were
partially or completely ordered over the
two sites gave less satisfactory fits than the
disordered model described in Table 1.

Magnetic Susceptibility

The low temperature behavior of the in-
verse susceptibility of KBaFe)(POy)s is
shown in Fig. 2. It is apparent that below 5
K the curve deviates from a Curie—~Weiss
behavior in a manner similar to that found
in Fez(SO4)3 and Fez(MOO4)3 (I, 2) This de-
viation is due to the onset of magnetic or-
dering.

Lattice Energy Calculations

The atomic coordinates listed in Table I
were used to calculate (7) the lattice energy
of KBaFe,(PO,);, assuming that the potas-
sium and barium ions each occupied a dis-
tinct 4qa site. The values (22.446 and 22.464
MJ mole~!) calculated for the two possible

TABLE II

BoND LENGTHS (IN A) AND BOND ANGLES (IN
DEGREES) FOR KBaFe,(PO,); AT 4.2 K

Fe(1)-O(1) 1.964(8) (x3) P-0O(1) 1.52(1)

Fe(1)-0(2) 2.014(8) (X3) P-0(2) 1.53(1)

Fe(2)-0(3) 2.016(8) (x3) P-0(3) 1.51(1)

Fe(2)-0(4) 2.012(8) (x3) P-04) 1.52(1)

O(1)-Fe(1)-O(1)’ 943 O()-P-0(2) 104.9

O(@2)-Fe(1)-0(2)’ 91.6 O(1)-P-0(3) 112.5

O(1)-Fe(1)-0(2) 80.9 O(1)-P-0(4) 112.5

O(1)-Fe(1)-0(2)’ 170.9 0(2)-P-0(3) 111.9

O(1)-Fe(1)-0(2)" 93.8 0(2)-P-0O(4) 105.5
0(3)-P-0(4) 109.4

O(3)-Fe(2)-0(3)’ 929

0(4)-Fe(2)-0(4)’ 88.1

0(3)-Fe(2)-04) 904

OQ3)-Fe(2)-04)' 885

O(3)-Fe(2)-0(4)" 176.4
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Fi1G. 1. The observed (--'), calculated (—), and difference profiles for KBaFe,(PO,); at 4.2 K.

Reflection positions are marked.

arrangements differ by so little that we
would expect to observe a disordered ar-
rangement, as is indicated by the neutron
diffraction results. A disordered arrange-
ment could be anticipated in view of the
similar ionic radii of K* and Ba?*.

Mossbauer Spectroscopy

The Mossbauer effect data were initially
analyzed using standard least-squares mini-
mization techniques to evaluate the hyper-
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F1G. 2. The inverse molar magnetic susceptibility of
KBaFe)(PO,); as a function of temperature.

fine spectral parameters reported in Table
[I1. The observed and calculated spectra
are shown in Figs. 3-5 for temperatures be-
tween 4.2 and 1.3 K. In the data analysis,
two magnetic sextets of equal area, one for
each crystallographic site, were fitted to the
observed spectra on the basis of an adjust-
able isomer shift, 8, internal hyperfine field,
H,,, quadrupole shift, QS, and linewidth,
I', which was the width of the inner mag-
netic lines, lines 3 and 4. The linewidths of
lines 2 and 5 were constrained to be I' +
0.5AT" and those of lines 1 and 6 to be I" +
AT, where AT was determined from prelim-
inary fits and was not refined. The relative
areas of the lines in each of the two sextets
were constrained to be in the ratio
3:2:1:1:2:3 as is required for an unori-
ented powder sample. The results indicated
that at 4.2 K KBaFe,(PO,); has no long-
range magnetic order and the spectrum is a
simple quadrupole doublet with hyperfine
parameters typical of high-spin iron(IIl) in
an approximately octahedral coordination
geometry. Between 4.2 K and 3.9 K the
compound begins to undergo long-range
magnetic ordering and upon further cooling
the spectrum broadens and eventually
shows the sextet of lines expected for a ma-
terial exhibiting long-range magnetic order.
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TABLE I1I
MOSSBAUER EFFECT SPECTRAL PARAMETERS

Site 1 Site 2
T
(K) ] QS H r Al ] Qs H r Al Area’ X2
1.30(2) 0.59 000 516 0.41 0.10 0.59 -0.01 494 047 0.34 235 1.89
1.51(2) 0.59 000 511 049 0.14 0.58 -0.01 484 0.63 0.46 19.7 3.00
2.04(2) 060 —0.01 494 048 0.31 0.58 0.00 454 0.67 0.63 24.0 1.23
2.31(2) 0.58 0.00 468 0.62 0.58 0.60 0.00 412 1.34 0.52 19.5 2.56
2.53(D) 0.57 0.00 449 0.73 0.75 0.61 0.00 381 144 1.00 20.5 1.84
2.76(1) 0.56 0.00 412 087 1.11 0.58 -0.01 312 2.48 0.84 22.8 1.71
3.01(D) 0.57 0.00 374 1.03 1.63 0.57 0.00 269 2.66 0.45 21.9 1.69
3.249(5) 0.57 0.00 320 129 222 0.57 000 217 235 0.78 221 1.40
3.50(1) 0.57 0.00 180 2.58 1.98 0.57 0.00 120 3.29 0.82 21.0 1.07
3.73(1) 0.57 0.00 93 115 237 0.58 0.03 55 096 236 23.0 0.86
3.94(2) 0.57 0.00 25 073 0.73 0.57 000 15 073 0.73 20.3 1.14
4.2005) 0.57 0.42¢ — 062 — 18.4 1.00
78.0 0.55 0.31¢ — 038 — 18.2 1.11

@ All data in mm/s relative to room temperature natural a-iron foil except the internal field which is in kOe.

b Absolute area in mm/s percentage effect.
¢ The quadrupole interaction, AEq.

At all temperatures the refined values of the
isomer and quadrupole shifts remain typical
of octahedral, high-spin Fe3** but the line-
widths calculated for the two sites in this
model are unusually large and surprisingly
different at temperatures between the Curie
point and 1.30 K. Specifically, the line-
widths associated with site 2 (Table 11I) are
often twice as great as those associated
with site 1. This result was surprising in
view of the apparently similar environ-
ments of the two sites and we consequently
reanalyzed our data using the Window
method (8). This technique calculates the
function p(H) vs H where p(H) is propor-
tional to the number of Fe3* sites which
experience an internal hyperfine field of be-
tween H and H + dH kOe. The linewidth is
held constant during this analysis. The cal-
culated field distribution (Fig. 6) clearly has
two maxima in the temperature range 1.5 <
T < 3 K and this justifies the original deci-
sion to fit our data with two magnetic sex-
tets.

Discussion

The width of the observed Mdssbauer ef-
fect absorption maxima below 7. stems
from many sources; first, the spectrum con-
sists of two overlapping sextets, one associ-
ated with each of the two crystallographi-
cally distinct Fe3* sites, and each of these
sextets is itself broadened by a temperature
dependent magnetic relaxation process and
by the variation in electric field gradient
which is generated by the disorder on the
K/Ba sublattice. The disorder will also
cause local variations in H;,; which further
broaden the spectra. The geometries of the
two FeOs octahedra must be sufficiently
different for the interaction with the K/Ba
sublattice to be more significant on site 2
than on site 1, hence the larger value at the
former site. The structure of KBaFe,(PO,);
consists of an infinite network of distorted
FeO¢ octahedra and PO, tetrahedra. The
latter are made up of P-O bonds varying in
length betwen 1.51(1) and 1.53(1) A, ap-
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FIG. 3. The observed and calculated Mossbauer effect spectra of KBaFe,(PO,); in the temperature
range 3.5 =T =4.2K.

proximately the same degree of variation as  1.964(8) and 2.014(8) A for Fe(l) and be-
was found in the SO} tetrahedra in tween 2.012(8) and 2.016(8) A for Fe(2).
Fey(SO4)3 (1), while the two FeOg octahedra The environment around Fe(1) is thus dis-
have bond lengths that vary between torted significantly more than that around
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F16. 4. The observed and calculated Mossbauer effect spectra of KBaFe,(PO,); in the temperature

range 2.5 < T < 3.5K.

Fe(2), and this difference is consistent with
the explanation of the Mdssbauer line-
widths which was offered above. The coor-
dination around the K/Ba sites may be de-

scribed as a distorted, tricapped prism, i.e.
9-coordination rather than the 12-coordina-
tion found for the corresponding sites in the
garnet structure.
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F1G. 5. The observed and calculated Mossbauer effect spectra of KBaFe,(PO,); in the temperature
range 1 < T < 2.5 K.

Both Mdssbauer spectroscopy and neu- short range order may be present at this
tron diffraction indicate that KBaFe,(PO,); temperature. The different H;, values cal-
is paramagnetic at 4.2 K, although the mag- culated for sites 1 and 2 (Table III) suggest
netic susceptibility data suggest that some that the material orders as an L-type ferri-
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magnet with a transition temperature of be-
tween 4.2 and 3.94(2) K and the shape of
the 1/x vs T plot (Fig. 2) is also consistent
with the ordered state being an L-type ferri-
magnet. The approximately zero quadru-
pole shift in the magnetic spectra and the
nonzero quadrupole interaction in the para-
magnetic spectra indicate that the angle be-
tween the principal axis of the EFG tensor
and the easy axis of magnetization is ap-
proximately 54.7° for each site. The Curie
temperature is thus lower than that of both
Fe,(S04); and Fe,{M0(,);, and not interme-
diate between the two as might have been
predicted on the basis of the arguments
given above. It is also lower that the Neel
temperature of FePO, (9). We account for

this by postulating that the presence of the
potassium and barium ions in the 9-coordi-
nate site has a significant effect on the mag-
netic properties of the Fey(XO,); frame-
work, a conclusion which is supported by
the unusually broad spectra observed be-
fow T, in KBaFe,(PO4); but not in either
Fex(S0y); or Fex:(MoOy);. There may be two
contributions to this effect; firstly the K+
and Ba?* ions will compete for the negative
charge density on the phosphate ions, thus
rendering part of this density unavailable
for superexchange interactions and hence
lowering the Curie temperature. This effect
will occur irrespective of whether the K*
and Ba’* are disordered. The second effect
will only occur when the 9-coordinate cat-
ions are disordered, as they are in
KBaFe;(PO,);. In that case the Fe’' ions
will experience a random component in the
exchange potential throughout the struc-
ture and this variation may be responsible,
to some extent, for the depression of the
Curie point of KBaFe,(PO,);. The data in
Table III suggest that the internal hyperfine
fields are not saturated at 1.3 K but the val-
ues of 516 kOe (site 1) and 494 kOe (site 2)
are typical of Fe** in an antiferromagnetic
material with a significant covalent compo-
nent in the bonding at the iron site.
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