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Inorganic compounds made up of low-dimensional ferromag-
netic (FM) units display fascinating properties and provide
a rich opportunity to investigate FM ground states, field-
induced transitions,[1] and magnetization steps.[2–4] Even the
spin-valve effect, realized in multilayer thin films, is found in
the magnetic metal Ca3Ru2O7

[5] and its Cr-doped analogue[6]

in which FM double-perovskite layers are antiferromagneti-
cally coupled.[7] The inorganic compound Cr2Si2Te6, also
consisting of FM layers,[8a,b] turns out to be a unique example
of a bulk 2D FM Ising system.[8c]

It is a great synthetic challenge to discover new magnetic
transition-metal oxides made up of FM layers. In searching
for such materials, a rational approach rather than by a blind
exploration of chemical systems should be used. In general,
a transition-metal cation at a coordinate site with three-fold
or higher rotational symmetry can lead to uniaxial magnetism
if its d electron count and spin state are such that there occurs
an unevenly-filled degenerate level, as found for high-spin
Fe2+ ions at linear-coordinate sites[8a] and high-spin Co3+ and
Co2+ ions at trigonal-prismatic sites.[8b,c] In principle, high-spin
Fe2+O6 octahedra can support uniaxial magnetism as long as
they possess three-fold rotational symmetry. It can be
imagined that isolated FM layers form from such FeO6

octahedra by edge-sharing because the Fe-O-Fe angle will
be close to 908 so that the nearest-neighbor spin exchange
would be FM.

Our guided search for such a magnetic system led to the
synthesis of BaFe2(PO4)2 that turns out to be the first oxide
2D Ising ferromagnet. It consists of FM honeycomb layers of
edge-sharing FeO6 octahedra containing high-spin Fe2+ ions.
Such FeO6 octahedra showing uniaxial magnetism are

expected to be susceptible to Jahn–Teller (JT) instability.[9]

Indeed, on cooling, BaFe2(PO4)2 undergoes a rare re-entrant
structural transition owing to the competition between
uniaxial magnetism and the JT distortion.

The three main 2D triangular lattices consisting of edge-
sharing MO6 octahedra are shown in Figure 1. Starting from
the [MO2] triangular lattice, the ordering of one quarter of the
M vacancies leads to the [M3/4O2] Kagom� lattice, and that of
one third of the M vacancies to the [M2/3O2] honeycomb
lattice. They all possess similar intralayer spin exchange paths
in different ratios (Figure 1). The superexchange (SE) path J1

consists of two M-O-M bridges with a M-O-M angle of about
908, while the super-superexchange (SSE) paths J2 and J3

involve M�O···O�M bridges. For M = Fe, it is expected that
the 908 SE J1 path is ferromagnetic (FM) for high-spin (HS)
Fe2+ (d6, S = 2) but antiferromagnetic (AFM) for HS Fe3+ (d5,
S = 5/2) cations, according to dominant direct t2g–t2g over-
laps.[10] Results of a literature search for such magnetic iron
oxides with pertinent 2D or pseudo 2D lattices are summar-
ized in Table 1,[11–13] which indicates that the Fe2+ ions is the
key cation leading to significant intralayer magnetic moment,
and that only a few pertinent crystal structures are known. We
note that truly decoupled magnetic units require a much

Figure 1. Comparison of a) triangular, b) Kagom�, and c) honeycomb
lattices geometries (W = windows).

Table 1: Characteristics of different layered compounds with spatially
disconnected triangular-related Fe lattices.

M Triangular Kagom� Honeycomb

Fe2+

LDH-Fe(OH)2

in-plane FM,
inter-plane AFM
TN = 34 K, d?= 4.5 �

No
BaFe2(PO4)2

This work
2D-Ising FM

Fe3+

Delafossite
Ag+Fe3+O2

in-plane AFM
TN = 16 K, d?= 6.2 �

normal spinel
Zn2+Fe3+

2O4

in-plane AFM
TN = 10 K, d?= 4.9 �

No
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greater spatial separation between the magnetic layers than
found in the examples presented.

BaCo2(AsO4)2 and its analogues are built from a 2D
honeycomb array.[14] The magnetic decoupling between such
units result from the circa 8 � spacing between them. Below
TN = 5.3 K, it exhibits stepwise magnetization and a complex
magnetic ground state based on a helicoidal spin arrangement
with 2D XY magnetic character.[15] In this BaM2X2O8 (M =

Ni, Co; X = P, V, As) family, BaCo2As2O8 and BaNi2P2O8

(TN = 23.5 K)[15b] are 2D XY antiferromagnets, while
BaNi2V2O8 (TN = 50 K) has been proposed to be a 2D
weakly anisotropic Heisenberg antiferromagnet.[16] Predom-
inant intralayer AFM interactions with d7 or d8 ions may be
due to weakly FM J1. The incorporation of HS Fe2+ ions in this
lattice is expected to strengthen FM J1 due to the direct FM
t2g–t2g exchanges.[10] However, no Fe2+ analogue of this family
has been reported so far. Furthermore, contrary to the Co2+

analogues favoring a XY character, a large number of Fe2+

compounds including layered systems exhibit an Ising char-
acter,[17] which is ideal for achieving uniaxial magnetism.

The synthesis of the hypothetical phases BaFe2(XO4)2

(X = P, V, As) could not be achieved by solid-state routes
under various conditions designed to stabilize Fe2+ cations.
Therefore, we attempted hydrothermal synthesis, used for
BaCo2(AsO4)2,

[18] adding hydrazine (H2N�NH2) to stabilize
Fe2+ ions in the feeding solution. For X = As, unexpected
phases were formed, leading to the reduced species As3+. For
X = P, however, high-quality single crystals of BaFe2(PO4)2

were grown (Supporting Information, S0). The synthesis of
high-yield BaFe2(PO4)2 for powder neutron diffraction
(PND) was achieved using microwave assisted-treatment
(see the Experimental Section and Supporting Information,
S1). BaFe2(PO4)2 is isomorphous with other compounds of the
series, with a interlayer separation of 7.8 � (c/3), a =

4.8730(2), c = 23.368(2), space group R3̄, RF = 4.03%, and
wRF2 = 4.99 %. The FeO6 octahedra are regular (Fe�O: three
of 2.114(5) �, three of 2.140(5) �) share all corners with PO4

tetrahedra pointing towards the interlayer spacing (Figure 2).

The Fe-O-Fe angle of the J1 path is 838, while J2 and J3 have
O···O contacts that are shorter than the sum of the Van der
Waals radii (Supporting Information, S1).

To determine magnetic properties, 5 mg of the crystals
were isolated, crushed, and blocked into cellophane. c(T)

shows a sharp FM transition towards a long-range order
around 80 K and a divergence between the zero-field-cooled
(ZFC) and field-cooled (FC) curves, with a broad maximum
at about 70 K (Figure 3a). Our ac susceptibility measure-
ments after fitting of scaling equations (see below) gives Tc =

65.5 K. At about 150 K, a weak anomaly occurs from a lattice
distortion (discussed below). Above 200 K, the fitted Curie–
Weiss law (Supporting Information, S2a) yields meff = 6.16 mB/
Fe and qcw = 56.5 K, which shows a pronounced orbital
contribution (spin-only meff = 4.9 mB/Fe2+). At 4 K, the first
magnetization branch shows irreversible effects (grain re-
orientation and/or domain walls motion), while upon further
field variation, the M(H) curve shows an abrupt reversible
reversal of the spins with a strong remanent moment (Mrem =

4.2 mB per formula unit (FU)), together with a weak coerci-
tivity of 50 Oe (Figure 3a, inset). Fields of up to 14 Tesla led
to the maximal moment M = 6 mB/FU, which is lower than
Ms = 8 mB expected for two Fe2+ (S = 2) cations. Approximat-
ing the uniaxial behavior of the grains toward the magnetic
field by the relation Mrem/Ms = 0.5[19] leads to Ms = 8 mB, so the
magnetic saturation should be sought at stronger fields.
Magnetic measurements performed on oriented stack of six
small single crystals show a strongly anisotropic character,
with a magnetic easy axis parallel (k) to the c axis (Mk
� 20M?), (Figure 3b). The M(H) square curve is reminiscent
of 2D FM domains weakly coupled by interlayer exchanges,
as already observed for the 2D Heisenberg FM Cs2AgF4 with
S = 1/2 Ag2+ ions.[20, 21]

A 2D Ising ferromagnet is a well-known exception for the
Mermin–Wagner theorem, which excludes broken (magnetic)
symmetries in 2D systems but favors magnetic fluctuations
rather than long-range ordering (LRO).[22] The ac suscepti-
bility of BaFe2(PO4)2 measured at about Tc (60 to 70 K) in
nonzero static biasing applied fields (0 T<Ha< 0.3 T) reveals
a series of peaks/critical maxima at temperature Tm. Under

Figure 2. a) Crystal structure of BaFe2(PO4)2. b) Projection of the Fe2-
(PO4)2 layer in the ab plane.

Figure 3. a) cm(T) (FC/ZFC at B= 100 G). Inset: M(H) at T = 4 K
(coercivity Bc<50 G). * indicates the structural transition at about
150 K. b) Magnetization at 1000 G on aligned single crystals. * in-
plane, * out-of-plane. c),d) Scaling plots and extraction of the critical
exponents (g = 1.73, d= 17, b = 0.12) of the FM transition. c) cm/
tm
�g, g= 1.73(8); d) cm B 1/(d�1), g = 17(3); tm/B 1/(g+b), g + b= 1.85(7).

cm is the temperature- and field-dependent maximum of the magnetic
susceptibility.
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increasing/decreasing Ha, the susceptibility data are fully
reversible and show no sample reorientation (Supporting
Information). The critical maxima are generally understood
in terms of the fluctuation–dissipation theorem.[23] According
to the conventional static scaling law,[24] their variation with
field and temperature are governed by a series of power laws
driven by critical exponents. Using a previously reported
procedure and expressions,[25] we extracted the critical
exponents g = 1.73(8), b = 0.12(7), and d = 17(3) (see Fig-
ure 3c,d) in excellent agreement with the 2D Ising critical
parameters (g = 1.75, b = 0.125, d = 15). Thus, together with
the easy magnetization parallel to c, we conclude that
BaFe2(PO4)2 is a unique example of a 2D Ising ferromagnet
transition-metal oxide. To our knowledge, Cr2Si2Te6

[8] is the
only inorganic compound with 2D FM Ising compound (b =

0.17 from neutron scattering experiment).
To investigate the re-entrant transition and magnetic

structure, BaFe2(PO4)2 was studied by PND at the Labora-
toire Leon Brillouin using the G41 diffractometer (l =

2.4226 �) from 288 K to 1.8 K. We note several phenomena
upon cooling (see Figure 4 a):

* From room temperature to 140 K, the rhombohedral
symmetry is preserved and the standard thermal lattice
contraction is observed;

* From 135 K to 75 K, a sensitive splitting of the diffraction
peaks occurs, which has a maximum at 80 K. This
corresponds to the c(T) anomaly detected at 150 K. The
unit cell corresponds to a primitive triclinic lattice with
a volume one third of those of the rhombohedral lattice.
Note that the P1̄ space group is a direct compatible
subgroup of R3̄. The new cell corresponds to: atricl = brhombo,
btricl =�arhombo, ctricl =�1/3arhombo + 1/3brhombo + 1/3crhombo

(refined cell parameters: a = 4.8457(4) �, b =

4.8464(4) �, c = 8.217(1) �, a = 106.501(6)8, b =

107.497(4)8, and g = 60.556(4)8 at 80 K). The cell volume
versus temperature (Figure 4b) is concave upward, dem-
onstrating a primary lattice dilatation on cooling.

* Below 75 K, the R3̄ symmetry suddenly reappears, while
magnetic contributions start growing. The FM ordering is
shown by the increasing intensities of the hk0 and hkl
peaks, while 00l remain unchanged. It indicates spins
ferromagnetically aligned along c, which is consistent with
single-crystal M(T) curves. At 1.8 K, we refined M(Fe2+) =

5.01(7) mB (Rmagn = 5.38%). This value confirms a strong
orbital contribution already noted from the Curie–Weiss
law. As discussed below, this re-entrant phenomenon
reflects the competition between the uniaxial magnetism
and JT instability.

As shown for Ca3CoMO6 (M = Co, Mn, Rh, Ir) and
Fe[C(SiMe3)3]2,

[9] uniaxial magnetism arises when the d states
of a d6 or d7 HS magnetic ion has unevenly occupied
degenerate level (for example, three electrons in a doubly
degenerate level) but is also susceptible to JT instability.
Uniaxial magnetism can occur only when the level degener-
acy is forced by geometry. The 2D FM Ising behavior of
BaFe2(PO4)2 implies that the HS Fe2+O6 octahedra have
uniaxial magnetism along the three-fold rotational axis. Given
this, the d states of the FeO6 octahedron are split into 1a, 1e,
and 2e, where the 1a/1e and 2e levels arise from the t2g and eg

manifolds, respectively. Extended H�ckel Tight Binding
calculations[26] for an isolated FeO6 octahedron (from 300 K
crystal data) show accidentally degenerate 1a and 1e levels
(Figure 4c,d). It is consistent with the projected density of
states (PDOS) for the Fe 3d states calculated for the FM state
of BaFe2(PO4)2 (Supporting Information, S3). Therefore, the
HS state of the Fe2+ ion is described by two electron
configurations, F1 = (1a)2(1e)2(2e)2 and F2 = (1a)1(1e)3(2e)2.
The F2 configuration with unevenly occupied degenerate
level is a necessary requirement for uniaxial magnetism and
Ising spins but also favors JT instability. Taking the z axis
along the three-fold rotational axis, it is found that, for Fe 3d
orbitals, F2 has 69 % (L = 2, S = 2) character and 31 % (L = 1,
S = 2) character. Under spin–orbit coupling, the first and
second components lead to DJz = 8 and 6, respectively, in the
lowest-lying doublet state. Then, F2 induces uniaxial magnet-
ism,[9] as DJz> 1. The triclinic distortion below 140 K can be
related to the occurrence of a weak JT distortion of each FeO6

octahedron. The extent of this distortion cannot be strong, as
it occurs within the constraint of the 2D layer. The re-entrant
structural transition below Tc suggests that the associated
lattice contraction cannot support even weak JT distortions,
thereby restoring uniaxial magnetism.

We evaluated the three spin exchange parameters J1–3

within the honeycomb layer by energy-mapping analysis
based on GGA + U calculations[27] (for details, see the
Supporting Information, S4).[28] Results (Table 2) show qual-
itatively similar results for U = 4 to 6 eV, which has proven to
be reasonable for comparable Fe2+ based systems.[29] FM J1 is
predominant, while both J2 and J3 are weak. The exact
solution of the 2D Ising ferromagnet over a honeycomb
lattice with S = 1 ions gives the second-order magnetic
transition at Tc = 1.5186 JkB

�1.[30] For S = 2 ions, J has to be

Figure 4. a) Evidence of the re-entrant transition on ND patterns.
* show FM contributions below Tc. b) Magnetic phase diagram (PM
for paramagnetic, FM for ferromagnetic) along with the volume of the
asymmetric cell. c) Geometry of the FeO6 octahedra at 300 K. d) Crys-
tal-field degenerate levels.
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renormalized by S(S+1), leading to Tc = 4.55 J kB
�1. Taking

J = J1 = 16.8 K from our calculations with U = 6 eV and
neglecting next-nearest neighbor J2 and J3, Tc is calculated
to be 76.4 K, in good agreement with its 65.5 K experimental
value. Owing to the large interlayer separation, it is not
straightforward to determine the corresponding Fe–Fe
exchange constant. It was estimated to be negligible owing
to the small energy difference (DE = 0.015 meV/FU) between
the FM and AFM arrangements of FM layers from GGA + U
calculations. The coupling between successive FM layers can
occur through magnetic dipole–dipole (MDD) interactions, as
evidenced in several layered magnetic systems.[21, 29] Our
calculations of the MDD interaction energies (Supporting
Information, S5) indicate that using FM layers with spins
aligned parallel to the c axis, the FM arrangement between
layers is very slightly lower in energy than the AFM state
(0.14 meV/FU), but the predominant 2D character is pre-
served.

Using hydrothermal synthesis with hydrazine as reducing
agent in the feeding solution, we successfully prepared
BaFe2(PO4)2, which consists of honeycomb layers made up
of edge-sharing FeO6 octahedra containing HS Fe2+ ions. We
showed that BaFe2(PO4)2 is a unique oxide with 2D Ising
ferromagnetism and undergoes a re-entrant structural tran-
sition, which is most probably due to the competition between
Jahn–Teller instability and uniaxial magnetism of the FeO6

octahedra. Work is in progress concerning the possibility of
modifying this phase by chemical doping to support spin-
polarized transport across the FM layers.

Experimental Section
Ba(CO3)2/Fe(Cl)2·4H2O (1.38 g/1.39 g) and H3PO4 (2 mL, 65%) were
introduced in a 25 mL Teflon-lined autoclave with hydrazine as
reducing agent (1.6 mL). The autoclave was filled up to 20 mL with
water, heated up to 220 8C (40 8C h�1) for 72 h, and cooled down to
room temperature (4 8Ch�1). After washing with water and filtering,
single crystals of BaFe2(PO4)2 (100 � 100 � 10 mm3) were extracted.
For powder samples, a microwave-assisted procedure was used to
produce BaFe2(PO4)2 in high yield in an adapted Teflon-lined vessel.
The vessel was then heated at 200 8C (power of 300 W) for 30 min.
The non-magnetic BaHPO4 impurity can be removed using successive
washing with ethanol.

Diffraction data were collected using a X8-Bruker SMART apex
diffractometer (l = MoKa). Intensities were extracted and corrected
using the SAINT program.[31] Multi-scan absorption corrections were
applied using the SADABS program.[32] The crystal structure refine-
ment was performed using the JANA 2000 program.[33] Further details
on the crystal structure investigations may be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany (fax: (+ 49)7247-808-666; e-mail: crysdata@fiz-karls-
ruhe.de), on quoting the depository number CSD-424895.

Magnetic measurement data were measured on a MPMS Squid
(Quantum Design). Typical measurements were performed using the
zero field cooling (ZFC) and field cooling (FC) procedures under
a 0.01 T field. Extraction of the critical exponents is described in the
Supporting Information, S2.
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