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The open-framework compounds Fe(NH;3),PO, and Fe(NH4)(HPO,), were synthesized by hydrothermal
reactions in the H;PO4—~(NH,),CO-FeCl;-H,O system. The electron paramagnetic resonance spectra for
Fe(NH;),PO,4 show an isotropic signal with g=2, characteristic of high spin Fe(t) ions in an octahedral
environment. Below 22 K the Fe(NH3),PO, compound exhibits a long-range antiferromagnetic ordering in
which the magnetic interactions involve Fe-O-P-O-Fe superexchange pathways. Fe(NH4)(HPO,), exhibits an
antiferromagnetic behaviour with the presence of a significant ferromagnetic component from 18 to 3 K. In this
temperature range one component of the resonance signal undergoes a shift from 336 mT (g=2) toward
magnetic fields near to zero, indicating the existence of low-dimensional ferromagnetic interactions. The
presence of that ferromagnetic component was attributed to the frustration of one third of the total Fe(mr)
spins in the compound. Below 3 K, the effect of the long-range interactions causes an antiparallel arrangement
of the magnetic moments inducing another magnetic transition to an antiferromagnetic phase.

Introduction

The field of open-framework inorganic materials has experi-
enced a dramatic increase over the past years. These materials
can be used as catalysts, ion exchangers, in sensors and in
nanotechnology.' The iron phosphates have opened the way to
a new class of open-framework solids that combine the well-
known sieving properties with interesting magnetic proper-
ties.>*> The most striking example is provided by the mineral
cacoxenite* [AlFess(OH);2(PO4);7(H20),4]-51H,0. This com-
pound, together with the synthetic materials described by
Corbin e al.,’ has opened the way for the attainment of new
iron phosphates with interesting applications.®® Concerning
the magnetic properties of these materials, despite the existence
of isolated clusters linked by phosphate groups, three-
dimensional magnetic ordering takes place over a wide range
of temperatures, with either antiferro-, weak ferro- or ferri-
magnetic properties. '

There are many solids with potentially very large cavities
whose structures collapse in the absence of pore-filling
species.'! So, in several open-framework iron phosphates the
empty space is filled by loosely bound guest species such as
organic molecules, water or ammonia. In this sense, the
FeCl;-H;3;PO4~(NH,),CO-H,O system12 has provided some
interesting phases synthesized from hydrothermal reactions,
for example, the well-known spheniscidite mineral
NH4[Fe2(PO4)2(OH)HZO]HZO,13’15 the special compound
Fe(NH3),PO4,'® in which the ammonia molecules coordinate
to the Fe(m) ions, and the ammonium-iron(mr) bis(hydrogen-
phosphate), Fe(NH4)(HPO,),.!” These phases do not show
strictly microporous structures, owing to the small size of their
cavities; however, the magnetic behaviour of these compounds
is quite interesting. In this way, the spheniscidite mineral
exhibits three-dimensional magnetic exchange interactions.
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The structure of this compound'® permits the existence of a
strongly frustrated magnetic configuration because of the
competition between the antiferromagnetic interactions present
in the compound.

The Fe(NH;3),PO4 phase is structurally related to
Fe(H,0),P0O,. This compound presents two forms, strengite
and metastrengite, the latter also named phosphosiderite.'® The
three-dimensional structure of Fe(NHj3),PO, is built by
isolated iron octahedra linked together by phosphate tetra-
hedra [see Fig. 1(a)]. Two ammonia molecules are coordinated
to each Fe(un) ion appearing at the ends of an octahedral edge
and at the same positions as the water molecules in strengite.
So, the structural formula for the octahedra can be written as
cis-Fe(N),(0O)4, where the oxygen belongs to the phosphate
group and the nitrogen is from the ammonia molecules.

The Fe(NH4)(HPO,4), compound is structurally related to
(Alg.64Gag 36)(NH4)(HPO,),® but is quite different from
Fe(H;0)(HPO,),.2! The structure can be described as a
three-dimensional framework of corner-sharing FeOg octahe-
dra and POy, tetrahedra [see Fig. 1(b)]. Each FeOg¢ octahedron
is surrounded by six PO, polyhedra, and each PO, tetrahedron
is linked to four FeOg polyhedra. The ammonium ions lie in the
remaining tunnels along [100] and [010] directions, being linked
to the three-dimensional network by hydrogen bonds. It is
worth mentioning the presence of two independent crystal-
lographic positions for the Fe(m) magnetic ions, Fe(1) and
Fe(2), where the occupation factor for the Fe(2) site is twice
that corresponding to the Fe(1) site.

Here, we report on the magnetic study of the hydrothermally
synthesized Fe(NH3),PO, and Fe(NH4)(HPOy,), phases. The
results show interesting magnetic behaviour provided by Fe-Fe
superexchange interactions which are established through the
phosphate groups.
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Experimental
Synthesis

The samples were prepared as described in ref. 12. The
differences in the experimental conditions required to obtain
Fe(NH3),PO,4 and Fe(NH4)(HPO,), compounds lie basically in
the P: Fe ratio and pH value used. The analytical data of both
samples were consistent with their composition. Anal. calc.
(Found) for Fe(NH3),POy4: Fe, 30.23 (30.2); P, 16.77 (16.8); N,
15.14% (15.2%). Anal. calc. (Found) for Fe(NH4)(HPO,),: Fe,
21.02 (21.4); P, 23.32 (23.1); N, 5.26% (5.2%).

Physico-chemical measurements

Microanalytical data (C, H and N) were obtained with a
Perkin-Elmer Model 2400B elemental analyzer. The phos-
phorus and iron contents of the solids were determined using a
Spectrometer DCP-AEC after dissolving the samples in
HF(aq). The EPR spectra were recorded on powdered samples
at X-band frequency, using a Bruker ESP300 spectrometer
equipped with standard Oxford low-temperature devices and
calibrated by an NMR probe for the magnetic field. The
frequency was measured with a HP 5352B microwave
frequency counter. The magnetic measurements in the 1.8-
300 K temperature range were performed at different magnetic
fields with a Quantum Design MPMS-7 SQUID magneto-
meter.

Results
Magnetic study on Fe(NH;3),POy4

The powder X-band EPR spectra of Fe(NH3),PO, were
measured at different temperatures from 290 to
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Fig. 2 Selected EPR spectra of Fe(NH3),PO, at different temperatures.

4.2 K. Selected spectra are shown in Fig.2. An isotropic
signal with a g value of 2.0 is observed at room temperature
indicating the presence of high spin Fe’™ ions.*>** No
significant variation of the g value is observed in the spectra
obtained over the entire temperature range. These results are in
good agreement with those observed for other Fe(mr) ions in
FeOg octahedra.>>>" As far as we are aware, Fe(NH3),PO, is
the first phosphate compound with Fe(N),(O)4 octahedra and
the EPR results do not undergo significant changes.

The thermal evolution of the linewidth of the EPR signal,
AH,,, calculated by simulations of the experimental spectra of
Fe(NH3),PO, to Lorentzian curves, is displayed in Fig. 3. The
linewidth is observed to have low-temperature dependence
between RT and 70 K. This fact is probably due to the
compensation of the dipolar homogeneous broadening with the
exchange narrowing. Below this temperature the linewidth
increases rapidly when the temperature decreases, reaching a
maximum at 20 K. The intensity of the signal, I, increases
slightly with decreasing temperature from 290 down to 65 K
where a rounded maximum is reached. After that, the intensity
drops to zero with decreasing temperature. This behaviour
indicates the existence of magnetic interactions in
Fe(NH3),PO,4 with a completely ordered state below 20 K.

The study of the thermal evolution of the molar magnetic
susceptibility in Fe(NH;),PO,4 was carried out in the 5-300 K
temperature range with a magnetic field of 0.1 T. The y,,, and
ymT vs. T curves are shown in Fig. 4. A maximum centred at
28 K is observed in the curve corresponding to the magnetic
susceptibility. This fact, together with the thermal evolution of
the y,, T product, indicates the existence of antiferromagnetic
interactions. At high temperatures (7> 150 K) the data follow
a Curie-Weiss law with a Curie constant of C,=
4.45 cm® K mol ™! and a Weiss temperature of 0~ —70 K. The
g value derived from the calculated Curie constant is 2.01, in
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Fig. 3 Thermal evolution of the intensity (/) and the linewidth (AH,,,)
of the EPR signal for Fe(NHj3),PO,.



o0
B oo"... B
g, .-"". 4 3.0
0.035 - ¢ % o e
o  — L
- oy 125%
3 0.030 28K &
£ C M
o) S - 207
50.025 - o ° 1 s E
\E 000 . §=
= 0.020 | o0 410 5
)
0.015 ®o _
0000000 0.5
0.0101...I....I....I....I:...I.... 0.0
0 50 100 150 200 250 300

T/K

Fig. 4 y,, and y,, 7T vs. temperature for Fe(NH;3),PO, in the 1.8-300 K
range at a magnetic field of 0.1 T.

good agreement with the EPR results. The effective magnetic
moment calculated from the y,,7 value at 300 K is 5.37 ug.
This value is slightly lower than the theoretical one for a high
spin Fe(ir) ion and can be expected due to the presence of
antiferromagnetic interactions. The thermal evolution of the
—d(yuT)/AT curve shows a sharp peak at the critical
temperature providing a 7n=22 K. The |0/Ty| value largely
exceeds unity, indicating the presence of an important degree of
magnetic frustration, probably resulting from competing
interactions.

Magnetic study on Fe(NH4)(HPO,),

The X-band EPR spectra of the Fe(NH,4)(HPO,), polycrystal-
line sample were recorded in the temperature range 4.2-300 K,
and are shown in Fig. 5. All spectra above 30 K exhibit a
unique isotropic signal with Lorentzian line shape correspond-
ing to a g value of 2.0. The results obtained at high
temperatures are in good agreement with the presence of
high spin Fe(mr) (°S) ions in octahedral coordination. The good
fitting of the Lorentzian derivative to the experimental EPR
signals suggests that the magnetic exchange interactions
predominate over the dipolar ones. The thermal evolution of
both the integrated intensity (/) and linewidth (I') is represented
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Fig. 5 Selected EPR spectra of Fe(NH,4)(HPO,); at different tempera-
tures.
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Fig. 6 Thermal evolution of the integrated intensity (/) and linewidth
(I) of the EPR signals for Fe(NH4)(HPO,),. Inset: resonance field
values vs. temperature below 50 K.

in Fig. 6. These parameters exhibit similar behaviour, showing
moderate thermal dependence at higher temperatures and a
quite rapid increase of their values below 50 K, which is
indicative of approaching the critical point.

The spectra at lower temperatures are complex, as can be
observed in Fig. 5. The resonance field of the isotropic signal
undergoes a decrease at temperatures lower than 30 K (see inset
in Fig. 6). Moreover, below 21 K the EPR signal loses its
isotropic character showing a rapid displacement for one of the
g values toward lower resonance fields (see Fig.5). This
component reaches a value near to zero field at 17 K. The quick
displacement causes a broadening of the band which hampers
the accurate determination of the position of the signal and
other parameters such as intensity and linewidth. This
phenomenon clearly indicates the appearance of low-dimen-
sional interactions of ferromagnetic nature in the sample.
Finally, no resonance is detected at 4.2 K which can be
attributed to the establishment of a long-range magnetic order
in the compound around that temperature.

The thermal evolution of the molar susceptibility, y., and
ymT for Fe(NH4)(HPO,), at a magnetic field of 0.1 T, are
represented in Fig. 7. The y, vs. T curve shows a strong
increase of the magnetic susceptibility below 20 K, reaching a
maximum at 4 K. Below this temperature the curve drops to
zero. The high temperature data (7> 150 K) are well described
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Fig. 7 Thermal evolution of the y,, and y,,7 for Fe(NH4)(HPO,), from
1.8 to 300K, at 0.1 T.
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by a Curie-Weiss law with a Weiss temperature 0~ —50 K
which indicates the predominance of antiferromagnetic inter-
actions. The calculated value for the effective magnetic moment
per iron atom is in good agreement with the theoretical value
for a high spin Fe(in) ion, 5.92 ug. The u.g obtained from the
observed y,7T value at room temperature is slightly lower,
5.5 up, which is characteristic of antiferromagnetic compounds.

The y,T product decreases with decreasing temperature
from 300 K (see inset in Fig. 7), exhibiting a minimum at 20 K,
and then increases very rapidly up to a maximum centred at
11 K. Below this temperature the value of the magnetic
effective moment decreases again toward zero. This behaviour
indicates the existence of antiferromagnetic interactions with
the presence of an important ferromagnetic component. The
sharp peak in —d(y,7)/dT vs. T provides a Ty=18.0 K.

To analyze the ferromagnetic component, magnetization vs.
field curves were registered in the 25-4 K temperature range
(Fig. 8). The compound does not exhibit a magnetic behaviour
as could be expected for a pure ferromagnetic system. The
magnetization undergoes a quasi-saturation for a magnetic
field at around 1 T. However, the saturation is not completely
reached in the temperature range studied. In all cases the
magnetic moment tends to saturate to values less than
1.7 ugmol ', This value is significantly lower than that
corresponding to one Fe(in) ion (S=5/2; 5.0 ug) per mol of
compound. The 1.7 yg mol ! value corresponds to approxi-
mately one third of the Fe(in) ions per mol. In this sense, the
absence of saturation is clearly related to the existence of
antiferromagnetic interactions in the compound with an
incomplete compensation of spins.
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Fig. 8 Magnetization vs. field curves of Fe(NH4)(HPO,), at different
temperatures.
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Fig. 9 Molar magnetic susceptibility measurements corresponding to
zero field-cooled and 0.1 T field-cooled Fe(NH,4)(HPO,), samples.
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Field cooling (FC) and zero field cooling (ZFC) measure-
ments were carried out in the 1.8-50 K temperature range using
a magnetic field of 0.1 T. The results are shown in Fig. 9.
Similar curves were obtained in both cases above 4 K. Below
this temperature a small divergence between ZFC and FC
values was observed (see inset in Fig. 9). The small remanent
magnetization below 4 K in the field-cooled sample indicates
that the magnetic behaviour of Fe(NH4)(HPO,), undergoes a
magnetic transition to an antiferromagnetic phase at low
temperatures.

Discussion and conclusion

The Fe-Fe magnetic interactions in both the Fe(NH;),PO, and
Fe(NH4)(HPO,4), compounds are established through the PO4
groups involving Fe-O-P-O-Fe superexchange pathways.

The Fe(NH;3),PO, phase presents a unique crystallographic
site for the iron ions. The Fe(N),(0), octahedra are arranged in
six-membered rings [see Fig. 1(a)] which are packed in the three
dimensions of space, leaving tunnels along the y direction. The
metallic arrangement allows the establishment of antiferro-
magnetic interactions of long-range order between the Fe(im)
ions leading to the observed three-dimensional antiferromag-
netic behaviour.

In the case of Fe(NH4)(HPO,),, there are two independent
crystallographic positions for the Fe(i) ions in the unit cell,
Fe(1) and Fe(2). This fact allows the existence of two different
magnetic sub-lattices, as in the case of LisFe(POy)s (see ref.
23). It is important to note that the number of equivalent
positions for the Fe(2) site is twice that corresponding to the
Fe(1) site. So, there are two interacting Fe(2) for each Fe(1) in
the compound (Fig. 10). Considering the values of the angles
corresponding to the Fe-O-P-O-Fe exchange pathways
(Table 1) and according to Goodenough’s rules,”® the interac-
tions in this compound are expected to be antiferromagnetic.

If we consider Jy, and J;; as the magnetic coupling constants
of the Fe(1)-Fe(2) and Fe(2)-Fe(2) superexchange interactions,
respectively, three different magnetic spin systems can be
proposed. (i) When |J5|>|J15|, with all antiferromagnetic
interactions (AF), the Fe(1) spins should adopt a non-collinear
configuration to minimize frustration effects. (i) When
[J12| > |J22| with AF, the Fe(2)-Fe(2) antiferromagnetic inter-
actions would be frustrated because the Fe(2) magnetic
moments should adopt a parallel ordering. Such behaviour
was previously observed in another related ammonium iron(ir)
phosphate, spheniscidite.>® And finally (iii) considering J,,>0
(even if very rare) and Jj, <0, the same disposition of the spins
would occur. In this case, no frustration effects would appear.

The experimental magnetic behaviour observed in the
Fe(NH4)(HPO,), phase is in good agreement with the above
proposed spin systems in which the antiferromagnetic interac-
tions are predominant but with a ferromagnetic component in
the 18-3 K temperature range. This ferromagnetic moment
must be interpreted as a consequence of the magnetic
frustration corresponding to one third of the Fe(ur) spins. At
lower temperatures, the long-range magnetic interactions
induce another magnetic transition to a pure antiferromagnetic
phase in which all spins are arranged antiparallel to one
another.
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(b)

Fig. 10 Scheme of the magnetic exchange pathways in (a) Fe(NH;3),PO,4 and (b) Fe(NH4)(HPO,),.

Table 1 Seclected angles of the Fe-O-P-O-Fe magnetic exchange
pathways for the Fe(NH;),PO, compound (labels of atoms are given in

Fig. 10)

Interacting atoms Fe-O-P/° P-O-Fe/°
Fe(2)-O(3)-P(2)-O(5)-Fe(2) 130.6 134.4
Fe(2)-O(4)-P(3)-O(7)-Fe(1) 144.6 133.1
Fe(2)-O(5)-P(2)-O(9)-Fe(1) 134.4 164.7
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