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Resonant quantum tunneling of magnetization has been observed in a hybrid metal-organic framework
where an intrinsic magnetic phase separation leads to the coexistence of long-range canted antiferro-
magnetic order and isolated single-ion quantum magnets. This unusual magnetic phenomenon is well
interpreted based on a selective long-distance superexchange model in which the exchange interaction
between transition metal ions through an organic linker depends on the position of hydrogen bonds. Our
work not only extends the resonant quantum tunneling of magnetization to a new class of materials but also
evokes the important role of hydrogen bonding in organic magnetism.
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Metal-organic frameworks (MOFs) consisting of metal
ions bridged by organic linkers have attracted a lot of recent
research attention because they show an unprecedented
variety of physical properties that are of great potential
for many applications [1-4]. Especially, long-range mag-
netic and/or electric ordering can be achieved in specifically
designed MOFs, which generates new types of organic
magnets [5,6], ferroelectrics [7-9], and multiferroics
[10-14]. Their diverse properties arise from the organic-
inorganic duality that combines both merits of organic and
inorganic elements within a single phase of materials. Thus,
the MOFs represent a new family in condensed matter
physics and provide great opportunities for the physics
community [4].

On another side, the discovery of macroscopic quantum
tunneling of magnetization (QTM) in nanomagnets such
as ferritin [15], single-molecule [16—18], and single-ion
[19-22] magnets, has stimulated remarkable research effort
due to its promise for the development of quantum
information and quantum computation [23]. So far, these
two fields have not seen an overlap; i.e., QTM has never
been reported in the family of MOFs. However, in this
Letter, we demonstrate for the first time that resonant QTM
can be actually observed in a magnetic MOF. This is a
consequence of an intrinsic magnetic phase separation in
which long-range magnetic order coexists with isolated
single-ion magnets that contribute to resonant tunneling of
magnetization. In order to interpret such a peculiar mag-
netic behavior, we propose a selective long-distance super-
exchange model in which the superexchange interaction
between transition metal ions through an organic linker
depends critically on the position of hydrogen bonds.

The MOF with the ABX5 perovskite structure investigated
in this work has a formula of [(CH;),NH,|Fe(HCOO)s;.
The crystal structure is shown in Fig. 1. The metal cations
(B = Fe?") linked by formate groups (X = HCOO™) form
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PACS numbers: 75.45.+4j, 75.30.Et, 81.07.Pr

the BX; skeleton, and the dimethylammonium (DMA)
cations (A = [(CH3),NH,|") occupy the cavities. Previous
studies have revealed that the DMA™ is disordered at room
temperature, but becomes cooperative ordering upon cool-
ing due to the ordering of hydrogen bonding (N-H - - - O)
[24-26]. Single crystals of [(CH3),NH,]Fe(HCOO); were
prepared by solvothermal condition method. A 30 mL
DMF solution containing 5 mmol metal chloride salts and
30 mL deionized water was heated in a polyphenyl-lined
autoclaves for three days at 140 °C. The supernatants were
transferred into a glass beaker to crystallization at room
temperature, and cubic colorless crystals were obtained
after three days. The crystals were filtered from the mother
liquid and washed by ethanol. The powder x-ray diffraction
(XRD) pattern at room temperature (Fig. S1 of [27])
confirmed the structure and phase purity of the prepared
samples. The single-crystal XRD pattern suggests that the
crystal is naturally grown layer by layer along the [012]
direction (see Fig. S1 of [27]).
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FIG. 1 (color online). The ABXj perovskite-like structure of
[(CH3),NH,]Fe(HCOO); with DMA™" in the cage. The two
hydrogen atoms linked with nitrogen in DMA™ forming hydro-
gen bonds were not added for clarity.
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H//[012] powder

FIG. 2 (color online). (a) Magnetization as a function of
temperature measured in 0. 1 T with both the ZFC and FC
modes for a single crystal. Inset, magnetization as a function of
temperature for a powder sample. (b) Magnetization along [012]
as a function of temperature in different magnetic fields.

Figure 2(a) presents the temperature dependence of
magnetization measured in 0.1 T. The MOF sample shows
an apparent magnetic transition at 18.5 K. A strong
magnetic anisotropy is also observed, with the easy axis
along [012]. In addition to the transition at 18.5 K, there is
another magnetic transition at 8.8 K, as seen in the zero-
field cool (ZFC) M-T curve. The large discrepancy
between the ZFC and field-cool (FC) magnetization below
8.8 K suggests a lack of pure long-range magnetic ordering.
Instead, the sudden drop of the ZFC magnetization with
decreasing temperature implies a blocking of magnetic
moments, which is often observed in single-molecule or
single-ion magnets [16,20]. Such a magnetic blocking
behavior is more evident in a powder sample due to the
random distribution of grain orientation, as seen in the inset
of Fig. 2(a).

It is well-known that the magnetic blocking temperature
depends on applied magnetic field [16]. In order to clarify
whether the magnetic transition at 8.8 K is due to magnetic
blocking, we measured the M-T curves with different
magnetic fields. As seen in Fig. 2(b), the sudden drop of
the ZFC magnetization shifts to lower temperature with
increasing magnetic field, consistent with the blocking
behavior [16]. In a high enough magnetic field (H =4 T),
the blocking behavior disappears and the ZFC and FC
magnetization is identical because all the blocked magnetic
moments are magnetized to saturation. The decay of
magnetization with decreasing temperature measured in

4 T indicates a antiferromagneticlike order below 18.5 K. In
order to further clarify the nature of the magnetic transition
at 18.5 K, we performed additional experiments (Figs. S2
and S3 of [27]). The results support a paramagnetic to spin
canted antiferromagnetic (CAFM) transition. This is con-
sistent with previous reports of weak ferromagnetism due
to CAFM in the isostructural MOFs containing Co or Ni
[28]. The two consecutive magnetic transitions strongly
indicate that there could be two coexisting magnetic
components at low temperature.

The coexistence of two magnetic phases in the MOF is
further confirmed by the isothermal magnetization.
Figure 3(a) shows the M-H curve along [012] at 2 K.
A linear dependence is seen in high magnetic field range
and an apparent hysteresis is observed in the low-field
range. The linear dependence of magnetization without any
hysteresis is typical for long-range antiferromagnetic
ordering. After subtracting the linear dependence, we then
obtain the M-H hysteresis loop at 2 K shown in Fig. 3(b).
The stair-shaped hysteresis loop at low temperature is a
strong characteristic of resonant QTM, which has been
generally observed in single-molecule and single-ion
quantum magnets [16-23].

Another strong evidence for the existence of single-ion
quantum magnets in the MOF comes from the ac magnetic
susceptibility. As shown in Fig. 3(c), the out of phase
of ac magnetic susceptibility (y’/) along [012] shows a
pronounced frequency-dependent maximum in addition to
the sharp transition at 18.5 K. The plot of the maximum
position VS time (or frequency) shown in Fig. 3(d) follows
an Arrhenius relation: 7 =7y exp(AE/kzT), which is
another characteristic of single-ion quantum magnets
[19-22]. The linear fitting to the Arrhenius relation resulted
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FIG. 3 (color online). (a) The M-H loop along [012] at 2 K.
(b) The stair-shaped hysteresis loop obtained by subtracting the
linear dependence is a sign of resonant QTM. (c) The out-of-
phase of ac magnetic susceptibility along [012] at various
frequencies as a function of temperature. (d) Arrhenius analysis
of the magnetic relaxation process of single-ion magnets.
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in a relaxation time of 7, = 1.8 x 107'?s and an energy
barrier of AE = 399 K. This energy barrier is much higher
than those of cluster-based single-molecular magnets, but is
comparable to that in certain single-ion magnets [20].
Therefore, all the above magnetic features support the
coexistence of two distinctive magnetic components in
the MOF, one with the long-range CAFM order and the
other showing characteristics of single-ion quantum
magnets.

The coexistence of both long-range magnetic order and
individual single-ion quantum magnets in the MOF is
striking because a long-range magnetic order requires
strong exchange coupling between neighboring magnetic
moments, whereas single-ion magnets mean isolated mag-
netic ions with negligible exchange interactions. To under-
stand this peculiar magnetic behavior, we need to first
comprehend the origin of the exchange interactions in the
MOF. When the transition-metal cations M are separated
by main group ligand atoms L, direct exchange between the
d orbitals of M is very unlikely. Instead, exchange may take
place by taking into account hopping via the intermediate p
orbital of L anions. This indirect exchange mechanism
through M-L-M path is called superexchange (SE) and has
become well-known since 1960s [29]. In the early of this
century, exchange involving double ligand atoms through
M-L-L-M path, termed as super-superexchange (SSE)
interaction was discussed in details by chemists [30,31].
Here, in the studied MOFs, the transition metal cations are
separated by a formate group involving at least three atoms
(O-C-0). This form of superexchange through multiple
atoms (M-L-L-L-M) may be called a long-distance super-
exchange (LDSE).

In general, exchange interactions between localized
magnetic moments can be described by the Heisenberg
model [32]

H = —JS;-S,, (1)
4¢%

J~— , 2)
Ueff

where J is the exchange energy, ¢ is the hopping integral,
and Uy is the effective on site repulsion. In the case of
conventional SE interaction (M-L-M), the strength of J
strongly depends on the geometry of exchange path that
determines the hopping integral ¢, and can be estimated by
the Goodenough-Kanamori rules [29] on the basis of the
bond angle, the symmetry properties of the d orbitals
containing unpaired spins, and the number of unpaired
spins at M. In addition to that, the relative strength of SSE
interaction (M-L-L-M) was found to depend largely on the
overlap between the two p orbitals residing on L [30,31].
Similarly, the LDSE in the studied MOFs must have
a critical dependence on the geometry of exchange
path (M-L-L-L-M).

single-ion magnet CAFM order

FIG. 4 (color online). Scheme of magnetic phase separation in
the MOF. The superexchange interaction between Fe’* through
the formate group leads to the CAFM order. In contrast, the
superexchange interaction is broken when the formate group is
coupled with a DMA™ via the hydrogen bonding. The isolated
Fe?* ions without superexchange behave as single-ion quantum
magnets.

As illustrated in Fig. 4, the transition metal cations
(Fe’T) are bridged by organic linkers to form the frame-
work. Depending on the position of the DMA™ cation in
the cavity, there are two types of linker: one is a pure
formate group and another is a formate group coupled with
the DMA™ cation via a hydrogen bond (N — H- - - O). The
Fe?* cations linked by a pure formate group can form a
CAFM order via the LDSE interaction through Fe-O-C-O-
Fe exchange path. In contrast, when a hydrogen bond is
coupled with the formate group, the geometry of the
exchange path could be altered significantly. Firstly, the
hydrogen bond usually causes a shift of an O atom toward
the DMA™ cation, resulting in a bending of exchange path.
According to the Goodenough-Kanamori rules [29], the
strength of the SE interaction decreases as the bond angle
becomes smaller. Secondly, the attractive potential pro-
duced by the hydrogen bond could induce a rotation of p
orbitals of O, which could reduce the overlap between p
orbitals of O and d orbitals of Fe** as well as that between
two p orbitals in the middle of the path. Therefore, the
LDSE interaction in the MOF could be significantly
suppressed by hydrogen bonds.

Considering the ratio of A:X =1:3 in the ABX;3
perovskite and the fact that each A cation (DMA™) provides
two hydrogen bonds, only 1/3 formate groups are free of
hydrogen bonds. It has been confirmed that the nitrogen
atom of DMA™, and consequently the hydrogen bonds,
tends to be ordered at low temperature [24-26]. If the
hydrogen bonds are completely ordered, a long-range
magnetic order could be formed throughout the MOF. In
reality, there could be a certain amount of Fe?* that are
surrounded by hydrogen-bond coupled linkers due to the
partial disorder of hydrogen bonds. As Fe?*(3d®) in
octahedral coordination of the perovskite structure has a
relatively strong uniaxial magnetic anisotropy [33], those
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isolated Fe?>* ions without LDSE interaction would behav-
ior as individual single-ion quantum magnets. Therefore,
the coexistence of both long-range magnetic order and
single-ion quantum magnets in the MOF is a natural
consequence of the ordered and disordered distribution
of hydrogen bonds that determine whether the LDSE
through an organic linker could happen.

In summary, our experiments in a magnetic MOF with a
perovskitelike structure have demonstrated an intrinsic
magnetic phase separation in which long-range magnetic
order coexists with individual single-ion magnets showing
resonant QTM. This peculiar magnetic behavior is well
interpreted in terms of the influence of hydrogen bonding
on the LDSE interaction between transition metal ions
through an organic linker. Since the LDSE interaction is
sensitive to the geometry of exchange path, a hydrogen
bond coupled on the organic linker could effectively alter
the geometry of exchange path and break the LDSE
interaction. In this way, the magnetic structure depends
on the position of hydrogen bonds.
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