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SrFe2(POy4)2: Ab Initio Structure Determination with
X-ray Powder Diffraction Data and Unusual Magnetic
Properties
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Structure of SrFex(POy4); was solved ab initio from X-ray powder diffraction data (space
group P2:/c (No. 14); Z = 4; a = 9.3647(2) A, b = 6.8518(1) A, ¢ = 10.5367(2) A, and 8 =
109.5140(8)°). It has almost linear tetrameric units Fe2—Fel—Fel—Fe2 which join with each
other through common oxygen atoms creating a complicated two-dimensional network
parallel to the bc plane. Specific heat measurements revealed two phase transitions at 7 =
7.0 K and T = 11.3 K in zero magnetic field. The phase transition at T seems to be a
structural phase transition. Magnetization measurements showed that, below T, SrFes-
(PO4); exhibits weak ferromagnetism and demonstrates clear ferromagnetic hysteresis loops.
Above 15 K, Curie—Weiss behavior was observed with an effective magnetic moment of 5.23
us per Fe?" ion and Weiss constant of —18.9 K. Weak ferromagnetic properties below T can
be explained by canting of antiferromagnetically ordered spins. Several field-induced phase

4311

transitions were observed in SrFeq(PO4); at low temperatures.

1. Introduction

Phosphates containing transition metals have been
widely investigated because of the variety of their
possible applications, e.g., as cathodes for Li batteries,!
corrosion inhibitors,? heterogeneous catalysts,? and so
forth, and diverse networks including porous ones. The
complex structural chemistry of phosphates offers large
variations of magnetic ion sublattices, which can give
rise to original magnetic properties. Search for new
structure types of phosphates is essential work for
development of crystal chemistry of phosphates and
their applications.

The structural variation of compounds with the
nominal composition of A2TB2+5(POy)s (A = Ca, Sr, Ba,
and Pb; B = Mg and transition metals) is surprising.
For example, the following compounds crystallize in
different structure types: CaCra(POy)2,* SrMng(POy)s,?
SI‘COg(PO4)2,6 SI‘NiQ(PO4)2,7 (I-SI‘ZHQ(PO4)2,8 BaCoz—
(POys,? and BaCug(POy)s.10 Crystal structures as well
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as lattice parameters of STMga(POy)s,1! f-SrZng(POy)s, !
and SrCds(PO4)212 are still unknown.

Two new compounds in this family, SrFes(PO4)2!3 and
SrCuy(POy); (reported as Sr; 9Cuy 1(POy4)4 in ref 14), with
unknown structures have recently been prepared and
characterized. Second-harmonic generation (SHG) proved
both compounds have centrosymmetric structures.1?.14
SrCuy(PO4)2 demonstrated interesting magnetic proper-
ties, i.e., singlet ground state with a spin gap.!® To
understand these properties and correctly interpret
them, the information about the structure is required.
In ref 15, SrCus(POy4)2 was regarded as isotypic with
BaCuy(POy); (space group P1). Quite recently we could
successfully determine the structure of SrCug(POg4)e
from X-ray powder diffraction (XRD) data and showed
that SrCuy(POy)2 belongs to space group Pccn (No. 56)
with Z = 8 and @ = 7.9422 A, b = 15.3692 A, and ¢ =
10.3704 A.16
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SrFey(POy); crystallizes in a monoclinic system.!3 It
was characterized using Mossbauer and infrared spec-
troscopy at room temperature (RT), thermogravimetry
in air, and magnetic susceptibility measurements above
RT.13

In this paper, we describe the structure determination
of SrFeq(POy)s by direct methods from laboratory XRD
data. We have investigated the magnetic properties of
SrFey(PO4)2 by specific heat and direct current (dc)
magnetization measurements. In zero magnetic field,
SrFeq(POy4)s exhibits a structural phase transition at
11.3 K and a magnetic phase transition at 7.0 K to a
weak ferromagnetic state due to spin canting. Temper-
ature dependence of specific heat in SrFes(POy4)2 was
strongly affected by static magnetic field. We have also
observed several field-induced phase transitions at low
temperatures.

2. Experimental Section

Synthesis. Single-phased SrFey(PO,): was synthesized from
a mixture of Sr3(PO4)s, FePOy, and Fe (99.999%) with an
amount-of-substance ratio of 1:4:2.®* The mixture was con-
tained in an alumina crucible and annealed under Ar at 1170—
1190 K for 240 h with one intermediate grinding. The product
was cooled with a furnace. SrFes(PO.4): had white color. Single-
phased Sr3(PO4)2 and FePO4 were prepared from mixtures of
(SrCOs (99.999%) and NH,H;POs (99.999%)) and (FeqOs
(99.8%) and NH4H2PO,), respectively, by the solid-state method
at 1270 K for 100 h.

XRD Procedures. XRD data of SrFes(PO4)s were measured
at RT on a SIEMENS D500 Bragg—Brentano-type powder
diffractometer operated at 30 kV and 30 mA. The diffracto-
meter was equipped with an incident-beam quartz monochro-
mator to obtain Cu Koy radiation (wavelength, A = 1.5406 A)
and a BRAUN position-sensitive detector. Si (NIST Standard
Reference Material 640b) was used as an external standard
material for diffraction angles (26). XRD data were collected
in a 260 range of 8—92° with a step width of 0.02°.

Magnetic and Specific Heat Measurements. dc mag-
netic susceptibility was measured on a Quantum Design
SQUID magnetometer (MPMS XL) between 2 and 400 K in
applied fields of 0.1, 5, 15, 30, and 50 kOe under both zero-
field-cooled (ZFC) and field-cooled (FC) conditions. Isothermal
magnetization curves were recorded between —50 and +50
kOe at 2, 5, 6, 7, 8, 9, 10, 11, 13, 15, and 110 K. dc magnetic
susceptibility was also measured at 90 kOe under the FC
condition from 50 to 2 K using a Quantum Design PPMS
instrument. Specific heat, C,(T), was recorded between 2 and
60 K (on cooling) at zero magnetic field by a pulse relaxation
method using a commercial calorimeter (Quantum Design
PPMS). At magnetic fields of 0.1, 5, 10, 15, 30, 50, and 90 kOe,
the C,(T) data were taken between 2 and 20 K (on heating).
In these cases, the sample was cooled to 2 K at zero magnetic
field and then the required magnetic field was applied.

3. Results and Discussion

3.1. Crystal Structure. For SrFex(PO4);, a mono-
clinic cell with lattice parameters of a ~ 9.36 A, b ~
6.85 A, ¢ ~ 10.54 A, and  ~ 109.5° was given.!3 With
these lattice parameters, reflection conditions derived
from indexed reflections were [ = 2n for 20/ and 00/ and
k = 2n for 0k0, affording one centrosymmetric space
group P21/c (No. 14, unique axis b, cell choice 1),!7 in
agreement with the results of SHG studies for SrFes-
(POy)o.13
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The structure of SrFey(POy4)e was solved by direct
methods with EXPO!® using the default program’s
settings in space group P21/c assuming Z = 4. With the
EXTRA routine,’® 238 independent reflections were
extracted from the whole XRD pattern. A set of 13
independent atomic positions (one Sr, two Fe, two P,
and eight O) was located from the E-map with the
SIRPOW97 routine.20

Structure parameters were then refined by the Ri-
etveld method with RIETAN-2000.2! Coefficients for
analytical approximation to atomic scattering factors for
Sr, Fe, P, and O were taken from ref 22. The split
pseudo-Voigt function of Toraya?® was fit to each reflec-
tion profile, and a 10th-order Legendre polynomial was
fit to the background. Isotropic atomic displacement
parameters, B, with the isotropic Debye—Waller factor
represented as exp((—B sin2 0)/12) were assigned to all
of the sites. For oxygen atoms, B parameters were fixed
at 1 A2 and not refined.

Figure 1 shows experimental, calculated, and differ-
ence XRD patterns for SrFea(PO4)2. The final structure
parameters are given in Table 1, and selected bond
lengths, [, and angles, ¢, in Table 2. Figures 2—5 depict
different fragments of the crystal structure.

The reasonable [(P—0), [(Fe—0), /[(Sr—0), B(P), B(Fe),
and B(Sr) values and sufficiently low R factors indicate
that the structure model for SrFes(POy)s is correct. In
addition, the bond valence sum, V,2* of each atom (Table
3) is in agreement with the formal oxidation state, also
confirming the structure model.

Two independent positions of Fe atoms found in
SrFes(POy)s are in agreement with Mossbauer spectros-
copy data reported for SrFey(POy)2.13 The Mossbauer
spectrum of SrFes(POy); at RT was fitted by two
doublets having approximately the same areas with
isomer shifts, 0, of 1.27 mm/s and quadrupole splitting,
AEq, of 2.60 and 2.93 mm/s.

The structure of SrFey(POy4)2 presents a new structure
type among compounds with the nominal composition
of AB3(XOy)y (A = Ca, Sr, Ba, and Pb; B = Mg and
transition metals; X =P, V, and As). Sr2* ions in SrFe;-
(POy)2 are located at an 8-fold coordinated site. Two
SrOg polyhedra are linked with each other by an edge
(06—06), forming the SryO14 unit (Figure 2). Fe?" ions
occupy two positions, Fel and Fe2, coordinated by six
and seven O atoms, respectively (Figure 3). The poly-
hedron for Fe2 is better representedo as Fe205.9 because
two distances, {(Fe2—06) = 2.60 A and [(Fe2—01) =
2.69 A, are rather long. However, the O1 and O6 atoms
should be included in the coordination sphere of Fe2
because without these atoms V(Fe2) is too small (=1.621).
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Figure 1. Observed (crosses), calculated (solid line), and difference XRD patterns for SrFex(PO4).. Bragg reflections are indicated

by tick mark.

Table 1. Fractional Coordinates and Isotropic Atomic
Displacement Parameters for SrFex(P04)2®

site? x % z B (A2
Sr 0.3041(2) 0.1224(3) 0.0162(2) 0.61(5)
Fel 0.0829(3) 0.6514(4) 0.1184(2) 0.95(7)
Fe2 0.2879(3) 0.8942(4) 0.3376(2) 0.83(8)
P1 0.0363(4) 0.1729(6) 0.1693(4) 0.06(10)
P2 0.4267(5) 0.8547(7) 0.6237(4) 0.55(10)
01 0.1067(11) 0.2055(12) 0.3202(9) 1.0¢

02 0.1128(10) —0.0082(12) 0.1369(7) 1.0¢

03 0.1391(9) 0.6513(13) 0.3629(7) 1.0¢

04 0.0675(10) 0.3425(13) 0.0824(8) 1.0¢

05 0.4249(9) 0.0883(13) 0.2691(9) 1.0¢

06 0.4504(10) 0.6838(13) 0.5396(9) 1.0¢

o7 0.3414(9) 0.0224(11) 0.5198(9) 1.0¢

08 0.3083(10) 0.6910(11) 0.1921(8) 1.0¢

@ Space group P21/c (No. 14, cell choice 1); a = 9.3647(2) Ab=
6.8518(1) A, ¢ = 10.5367(2) A, and = 109.5140(8)°; Z = 4; Rwp
1.46%, R, = 1.14%, Ry = 2.02%, Ry = 1.65%, and S = Ryy/R.
1.29. ® The occupancies of all the sites are 1. The Wyckoff notation
of all the sites is 4e. ¢ Fixed values.

The FelOg polyhedron also has two longer distances,
[(Fel-02) = 2.35 A and l(Fel—-03) = 245 A, in
comparison with other [(Fel—0) < 2.15 A.

Two FelOg polyhedra have a common edge (04—04)
forming the FelsO19 unit. One FelsOq9 unit and two
Fe207 polyhedra are connected with each other by two
faces (02—03—08) in such a way that they create
almost linear tetrametic unit Fe2—Fel—Fel—Fe2 with
[(Fel—Fe2) = 2.97 A and [(Fel—Fel) = 3.22 A (Figure
4). The Fe—Fe distances with the neighboring Fe2—
Fel—Fel—Fe2 units are [(Fel-Fe2) = 4.04 A, and
[(Fel—Fe2) = 4.06 A. The Fe2—Fel—Fel—Fe2 units are
linked with each other by corners (O1), creating a
complicated two-dimensional network parallel to the bc
plane (Figure 5). The SryO14 units and P104 and P204
tetrahedra join the planes formed by Fels019 and Fe20;
(Figure 3). Note that despite the comparable Fel—Fe2
distances between neighboring tetramers, they are
connected only through the O1 atom because the Fel—
07 distance is too long (3.167 A).

It is interesting to compare the structure of SrFes-
(POy)s with those of SrB2(POy4)2 (B = Mn,5 Co,8 Ni,” Cu,6
and Zn®). In all these compounds, SrO,, polyhedra have
connections with each other by edges. In SrNia(POy)s,
SrOg polyhedra linked by two edges form infinite single

Table 2. Bond Lengths, [, and Angles, ¢, in SrFez(PO4)2

bonds JON) bonds JON)
Sr—07 2.457(8) Fe2—-07 2.016(8)
Sr—06 2.472(9) Fe2—-08 2.127(8)
Sr—05 2.535(9) Fe2—-05 2.134(8)
Sr—01 2.554(9) Fe2—-03 2.243(9)
Sr—06 2.590(9) Fe2—-02 2.300(8)
Sr—03 2.616(8) Fe2—-06 2.601(9)
Sr—02 2.675(8) Fe2—-01 2.693(8)
Sr—04 2.951(9)
Sr—08 3.482(9)
Fel—-08 2.009(9) P1-01 1.520(8)
Fel-04 2.114(8) P1-02 1.527(8)
Fel-01 2.116(11) P1-04 1.566(9)
Fel-04 2.147(9) P1-03 1.570(8)
Fel—-02 2.350(9) P2-05 1.520(8)
Fel-03 2.451(7) P2-06 1.529(9)
Fel-07 3.167(9) P2-08 1.543(9)
Fel—-03 3.210(7) P2-07 1.604(8)
angles ¢ (deg) angles ¢ (deg)
01-P1-02 106.3(5) 05-P2-06 110.7(6)
01-P1-03 107.3(6) 05—-P2—-07 116.5(5)
01-P1-04 113.7(6) 05—-P2-08 109.1(5)
02—-P1-03 114.2(5) 06—-P2—-07 106.8(5)
02—P1-04 106.2(5) 06—P2—-08 112.4(5)
03—-P1-04 109.3(5) 07-P2-08 101.1(5)

chains. In SrCoq(POy4)2 and SrMns(POy)s, Sro0g,—9 units
are joined by corners forming double chains. SroOg,—9
units are isolated from each other in SrFey(POy)2, SrCug-
(POy4)2, and SrZng(POy4)e. Zn104 and Zn20, tetrahedra
have no connections with each other in SrZng(POy)s,
while C01044+1 and Co204 polyhedra form tetrameric
units in SrCog(POy)s. In SrNis(POy)s, there are NiloOqg
and Ni2,019 units which are linked with each other by
corners to create planes. Mn10s, Mn205+1, Mn30s5+1,
and Mn4O; polyhedra in SrMny(PO4)s have common
edges and corners, also forming planes. CulO44; and
Cu20441 polyhedra are connected by an edge and create
the dimer unit CuyOg in SrCug(POy4)e. Thus, the struc-
ture of SrFes(POy4)2 has unique connections of SroO14 and
Fel2010 units and Fe207 polyhedra with each other.
3.2. Magnetic Properties. Figure 6a shows temper-
ature dependence of C, and C,/T at zero magnetic field.
Two peaks were clearly seen on these curves at T7 =
7.0 K and Ty = 11.3 K. It is very difficult to estimate
the lattice contribution from these data. Magnetic
specific heat cannot, therefore, be evaluated. The peak



4314 Chem. Mater., Vol. 16, No. 22, 2004

O

Figure 2. Projection of the structure of SrFes(PO,); along the
b axis. SrsO14 units are shown. Fel and Fe2 atoms are
presented by circles. For one SroO14 unit, the Sr—O bonds are
given by balls and sticks. POy tetrahedra are omitted.

Figure 3. Projection of the structure of SrFes(PO,)2 along the
b axis. FelOg and Fe20; polyhedra and PO, tetrahedra are
shown. Sr atoms are given by circles.

at T was rather narrow and the C,/T values started to
decrease sharply below 7. On the other hand, the peak
at Ty was much broader than that at 74.

The C,/T vs T curves at different magnetic fields are
presented in Figure 6b. No change of the intensity of
the peak at T and its position was seen below and at
15 kOe. However the first peak corresponding to 73
became much broader and its maximum shifted to
higher temperatures with increasing magnetic field. The
area of the first peak in magnetic fields was much larger
than that in zero magnetic field.

Belik et al.

a
Figure 4. Fel;019 unit and Fe20; polyhedra in the structure
of SrFes(POy)q. Interatomic distances (A) and bond angles are
given.

\ ® \
e P e U
R H& WM

Figure 5. Layers formed by the Fel and Fe2 atoms in the
structure of SrFes(PO4)2. (a) Projections of two layers along
the b axis. (b) Projection of one layer on the b¢ plane. The thick
bonds present the connections inside the tetramer Fe2—Fel—
Fel—Fe2 units. The thin bonds show the connections between
the tetramer units (through the O1 atoms).

Table 3. Bond Valence Sum, V, in SrFez(POy)2
atom O1 02 03 04 05 06 07 08 14

Sr  0.308 0.222 0.260 0.105 0.324 0.279 0.400 2.282
0.384

Fel 0.357 0.190 0.144 0.329
0.359
Fe2 0.075 0.217 0.253 0.339 0.096 0.466 0.346 1.792
P1  1.299 1.274 1.136 1.148 4.857
P2 1.300 1.268 1.037 1.222 4.827
V2,039 1.903 1.793 1.941 1.963 2.027 1.903 2.045

0.477 1.856

A new feature appeared on the C,/T vs T curves at
higher magnetic fields (at 30 and 50 kOe), i.e., the peak
with a maximum near T35 = 12.3 K. The first peak
continued to become more diffuse with increasing
magnetic field, and its maximum shifted to the higher
temperatures. The C,/T vs T dependence changed again
at 90 kOe. The curve at 90 kOe was close to that at 50
kOe except for the peak at 12.3 K. Note that, at 30 kOe
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Figure 6. (a) Temperature dependence of specific heat, C,,
and C,/T for SrFes(POy); at zero magnetic field between 2 and
60 K. (b) C,/T versus T curves at 0, 0.1, 5, 10, 15, 30, 50, and
90 kOe in the temperature range of 2—20 K.

and higher magnetic fields, no distinct maximum was
observed at T2 because of overlapping with other
anomalies.

At fields above and at 30 kOe, the C,/T vs T curves
in the low-temperature region (below 6.5 K) changed
their behavior in comparison with the curves measured
below and at 15 kOe. Above 14 K, actually no field
dependence of the C,/T vs T curves was observed.

From the specific heat data, at least two phase
transitions induced by high magnetic fields were de-
tected in SrFey(PO4)2. One of them is between 15 and
30 kOe, and another one is between 50 and 90 kOe.

Figure 7 depicts dc magnetic susceptibility (y = M/H)
versus temperature curves at 0.1, 5, 15, 30, 50, and 90
kOe. Above ~15 K, no noticeable difference was found
between the ZFC and FC curves and between the curves
measured at different magnetic fields. The (T data
(measured at 50 kOe) at 15—400 K were fitted by a
modified Curie—Weiss expression, y(T) = yo + C/T —
0), with temperature-independent term yo = —4.6(4) x
10~% cm?3/Fe-mol, Curie constant C = 3.416(16) cm?
K/Fe-mol, and Weiss constant 8 = —18.9(4) K (Figure
7a). The effective magnetic moment (ueir = (8C)V2) was
calculated to be 5.23 up per Fe?" ion. This value is
typical for high-spin Fe2" ions. The negative Weiss
constant implies antiferromagnetic interactions between
Fe?" ions.

Below ~12 K, deviation from the Curie—Weiss be-
havior on the y(7T) curves started. At magnetic fields of
0.1 and 5 kOe, the large difference between the ZFC
and FC curves was observed. The FC curves increased
rapidly below ~7 K (T7) and then reached constant
values at the lowest temperatures. The d(37)/dT vs T
curves (Figure 8) showed a sharp peak with a negative
gradient at T characteristic of weak ferromagnets.
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Figure 7. (a) Magnetic susceptibilities, y, against tempera-
ture, T, for SrFes(PO4)s at 5 (circles), 15 (triangles), and 50
(diamonds) kOe and the FC y~X(T) curve at 50 kOe (diamond
symbols) with the Curie—Weiss fit (solid line). ZFC (thin lines)
and FC (lines with symbols) curves are shown for y(7). Inset
shows the ZFC and FC x(T) curves at 0.1 kOe between 2 and
9.8 K. (b) The enlarged fragment of panel a with the y(7)
curves at 5, 15, 30 (black circles), 50, and 90 (black triangles)
kOe. The FC curves at 50 and 90 kOe are also drawn using
the secondary y axis.
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Figure 8. Details of the d(y7)/dT vs T curves in the FC mode
at (a) 0.1, 5, and 15 kOe and (b) 30, 50, and 90 kOe in the
temperature range of 2—20 K.

Different behavior of the y(7) curves was detected in
magnetic fields of 15, 30, and 50 kOe. In these cases,
the ZFC and FC curves were close to each other in shape
but slightly differed from each other in values below ~12
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Figure 9. (a) Isothermal magnetization curves (M vs H) at
2, 5,6, 7, 8 10, 15, and 110 K. The present curves were
measured from 50 kOe to 0 Oe. (b) dM/dH vs H curves at the
same temperatures. Arrows indicate anomalies on these
curves.

K. The FC curves showed humplike behavior below 12
K. The FC data decreased with decreasing temperature
below the hump. At 30 and 50 kOe, no peaks were found
at T1 on the d(y7)/dT vs T curves but only a broad
anomaly near 10 K and a small sharp anomaly near ~12
K (T3) with negative gradient were detected (Figure 8b)
in accordance with the C,(T) data.

The (T) (Figure 7b) and d(x¢7)/dT vs T (Figure 8b)
curves at 90 kOe differed from those measured at 30
and 50 kOe. At 90 kOe, the broad maximum on the FC
¥(T) curve was centered at ~10.5 K, but the y values
started to increase again with decreasing temperature
from ~8 to 2 K. The d(37)/dT vs T curve at 90 kOe
showed no anomalies with negative gradient.

Thus, the y(T) and d(y7T)/dT vs T data indicated the
presence of two field-induced transformations; the first
one is between 5 and 15 kOe, and the second one is
between 50 and 90 kOe.

Additional insight into the low-temperature magnetic
states can be obtained by recording isothermal magne-
tization curves (Figures 9—11). Above T'5 (at 13, 15, and
110 K), only the anticipated linear paramagnetic re-
sponse and no hysteresis loop were detected on the M
vs H curves (Figure 9a). The dM/dH vs H curves also
showed no anomaly at 13, 15, and 110 K (Figure 9b).
Between T7 and T'5 (at 8, 9, 10 and 11 K), the magne-
tization curves passed through the origin and they
changed their slope at characteristic fields. For example
at 8 K, the dM/dH vs H curve showed two peaks at about
6 and 10 kOe. From 0 to 6 kOe at 8 K, we observed a
linear behavior anticipated for a paramagnetic state.
Above this field, the curve slope changed (Figure 9b)
that corresponds to the situation when the first peak
on the C,/T vs T curves started to cross the temperature
of 8 K (Figure 6b).
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Figure 10. M vs H curves at 2, 5, 6, 7, and 8 K in the
magnetic field strength range of —4 to +4 kOe. Remanent
moments, M, (us/fu), and coercitive fields, H. (Oe), are given
in the figure. f.u.: formula unit.
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Figure 11. M vs H curves at 2 K in the magnetic field
strength range from —50 to +50 kOe. The values of M, and
H, are given in the figure.

Table 4. Estimated Values of the Saturated Weak
Ferromagnetic Moments (M), Induced Ferromagnetic
Moments (M1), Remanent Moments (M,), and Coercitive
Fields (H.) for SrFez(POy)2

T(K) — Mo(us/fur  Mi(us/fa) M, (ug/fa)  H.(Oe)
2 0.371 0.406 0.369 ~8500
5 0.325 0.369 0.321 540
6 0.296 0.406 0.281 305
7 0.229 0.407 0.013 70
8 0.387
9 0.321
10 0.229
11 0.154

@ The M, values were estimated by linear extrapolation between
2 and 10 kOe to H = 0 Oe. ® The M; values were estimated by
linear extrapolation between 30 and 50 kOe to H = 0 Oe.?®

Below T4 (at 2, 5, and 6 K), the clear ferromagnetic
hysteresis loop (the first hysteresis) was recorded
(Figures 10 and 11). Once the saturation of the weak
ferromagnetic moment has been reached, the magneti-
zation curves followed the straight line M = M, + yH
(where M is the saturated weak ferromagnetic moment
and y is the susceptibility of the antiferromagentic state)
but only up to about 10—12 kOe. The values of M),
remanent moments (M,), and coercitive fields (H.) are
listed in Table 4. Above 10—12 kOe, the M vs H curves
measured below T changed their slope and resembled
those measured between T and T's as shown in Figure
9. Thus, the M vs H and dM/dH vs H data confirmed
the presence of two magnetic regimes above and below
10—12 kOe as suggested from the y(7T) data.

At 5 and 6 K, a small hysteresis on the M vs H curves
was also observed between ~10 and ~50 kOe (the
second hysteresis), whereas a very small hysteresis was
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found between ~5 and ~20 kOe at 8 K. The second
hysteresis was rather noticeable at 2 K (Figure 11).
Striking differences were observed in the isothermal
behavior of the M vs H curves at 2 K compared to those
at 5 and 6 K. Although it is common for the coercitive
field and the remanent moment to increase with de-
creasing temperature, the strong increase of the coer-
citive field between 2 and 5 K is remarkable. This
behavior can be explained by an increase of the mag-
netic anisotropy of Fe?" ions as the temperature de-
creased from 5 K.25

The peak at T on the zero-field C,(T) curve coincides
with the appearance of weak ferromagnetic response on
the (T curves measured at the low magnetic field (0.1
kOe). Thus, the magnetic behavior of SrFes(POy)s at low
temperatures and low magnetic fields can be explained
by a weak ferromagnetism due to spin canting. The
canting angle, y, can be estimated from the M, values
using the simple equation, sin y = My/gSug.?®> At 2 K
with My = 0.186 ug/Fe-mol, S = 2, and g = 2, we obtain
y & 2.7°.

The Néel temperature (T'x) where the canted antifer-
romagnetism appears is therefore 7.0 K (=74) at zero
magnetic field. For a conventional antiferromagnet, T
decreases with increasing magnetic field.26 However, in
SrFeys(POy)2, we observed unusual behavior when the
first peak on the specific heat data corresponding to 7'y
increases with increasing magnetic field (Figure 6b).

The position and intensity of the peak at T on the
C,(T) curves is independent of magnetic field below and
at 15 kOe. No anomaly was also observed on the y(7)
curves near T (11.3 K). These data give a strong
support that the phase transition at 7' in zero and small
magnetic fields is not a magnetic phase transition but
most probably a structural phase transition.

The temperatures of the structural phase transition
(Te = 11.3 K) and magnetic phase transition (77 = 7.0
K) are close to each other in zero magnetic field. The
temperature of the magnetic phase transition rises with
increasing magnetic field. Thus, from a certain magnetic
field (between 15 and 30 kOe), when the two peaks on
the C,/T vs T curves overlapped severely, we have
observed the competition between the magnetic and
structural phase transitions that was revealed by the
appearance of the peak at T3 = 12.3 K on the C,/T'vs T
curves (Figure 6b). However the peak at T3 on the C,/T
vs T curves has a magnetic origin because at the same
temperature the peaks on the d(y7)/dT vs T curves were
observed at 30 and 50 kOe (Figure 8b). The interesting
question is whether the structural phase transition at
T9 persists at high magnetic fields or not. On the C,(T)
curves, no clear peaks were observed at T2 above 30
kOe.

The sigmoidal forms of the M vs H curves and
anomalies on the dM/dH vs H curves at 2—11 K (Figures
9 and 11) indicates a metamagnetism probably due to
the spin flip.26-28 The small hysteresis found between

(25) Adams, R. D.; Layland, R.; Payen, C.; Datta, T. Inorg. Chem.
1996, 35, 3492.

(26) Carlin, R. L. Magnetochemistry; Springer-Verlag: Berlin, 1986;
327 pp.

(27) Zheng, L.-M.; Gao, S.; Song, H.-H.; Decurtins, S.; Jacobson, A.
J.; Xin, X.-Q. Chem. Mater. 2002, 14, 3143.

(28) Yin, P.; Gao, S.; Zheng, L.-M.; Wang, Z.; Xin, X.-Q. Chem.
Commun. 2003, 1076.
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10 and 50 kOe at 5 and 6 K and between 5 and 20 kOe
at 8 K is typical for soft ferromagnets. We can propose
that the canted antiferromagnetic ground state below
T switches to another canted antiferromagnetic state
with different spin direction above about 10—12 kOe.
If we extrapolate magnetization between 30 and 50 kOe
back to zero field, we obtain the induced ferromagnetic
moment, M1.2% These values are listed in Table 4. A
noticeable induced magnetic moment was observed even
at 11 K, i.e., above T1.

The hysteresis loop at 2 K showed well-defined
magnetization jumps near H = 0 Oe (Figure 11). The
dM/dH vs H curves at 5 and 6 K (Figure 9b) also
indicated the presence of such jumps near H = 0 Oe.
Similar jumps have been observed in other antiferro-
magnets that have a small net moment.?> The jumps
were suggested to be caused by abrupt changes in the
domain structure, e.g., abrupt domain-wall motion.25

We can propose the following scenario to explain the
complicated magnetic behavior of SrFes(PO4);. The
magnetic ground state is an antiferromagnetic one with
spin canting. Application of magnetic field induces a
spin flip to another spin-canted antiferromagnetic or-
dered state with different spin direction and larger net
magnetic moment. This is the origin of metamagnetism.
The spin direction of the ordered state is closely related
to the crystal structure. The spin structure (spin direc-
tion) in the magnetic field is favored in the high-
temperature (above T%) structure. Therefore no struc-
tural transition is observed when C, is measured in high
magnetic fields. The question arising is why Ty in-
creases with increasing magnetic field. The answer can
be found in the structural features of this compound.
As discussed above, SrFes(POy)s; comprises Fe2—Fel—
Fel—Fe2 spin clusters. Because of the intercluster
interaction, the system gets ordered antiferromagneti-
cally, but there should be a competition between the
singlet state with a spin gap which is expected for a four-
spin cluster and the long-range ordered state. In such
a situation, Ty increases with increasing magnetic field
because the singlet state is unstable in a magnetic field.
This scenario is just a speculation at this stage of the
research. Detailed neutron diffraction experiments in
magnetic fields are required to clarify the mechanisms
of magnetic phase transitions.

The domination of the long-range ordering can be
explained by the geometry of the Fe—O—Fe connections.
The Fel—O—Fe2 bond angles in the four-spin cluster
are close to 90° or ever smaller than 90° (Figure 4). The
Fel—04—Fel bond angles are far from 180°, which is
most favorable for a large antiferromagnetic exchange
constant. The Fel—01—Fe2 connections between the
clusters include the long Fe2—01 distance. Thus, ex-
change constants between Fe atoms mediated by O
atoms should be small. On the other hand, it is known
that relatively large exchange interactions between
magnetic ions can be provided by POy groups.3° Thus,
the POy groups seem to be responsible for the three-
dimensional connections between Fe atoms in SrFes-
(POy)s.

(29) Herweijer, A.; de Jonge, W. J. M.; Botterman, A. C.; Bongaarts,
A. L. M.; Cowen, J. A. Phys. Rev. B 1972, 5, 4618.

(30) Belik, A. A.; Azuma, M.; Takano, M. Inorg. Chem. 2003, 42,
8572.
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The magnetic phase diagrams of antiferromagnets
showing metamagnetism and spin—flop transitions (e.g.,
for FeCly, FeBry, and CoCly)?132 have attracted ap-
preciable interest in recent years. In this work, we have
shown that SrFes(POy4)2 has interesting and unusual
magnetic properties including metamagnetic regimes
and competition between structural and magnetic phase
transitions. The more thorough investigation of mag-
netic anisotropy using single crystals is desirable to
study all details of magnetic phase diagram for SrFeso-
(POy)2.

In conclusion, we have successfully determined the
structure of SrFeq(POy4)2 from laboratory XRD data.
SrFey(PO4)2 presents a new structure type among ABo-
(XO4)2. We have investigated magnetic properties of
SrFes(PO4), and showed it to be a canted antiferromag-
net below 7.0 K. The presence of several phase transi-

(31) Suzuki, I. S.; Huang, T.-Y.; Suzuki, M. Phys. Rev. B 2002, 65,
224432.

(32) Aruga Katori, H.; Katsumata, K.; Petracic, O.; Kleemann, W.;
Kato, T.; Binek, Ch. Phys. Rev. B 2001, 63, 132408.
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tions induced by magnetic field was confirmed by the
specific heat and dc magnetization measurements.
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