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ABSTRACT: A resonant quantum magnetoelectric cou-
pling effect has been demonstrated in the multiferroic
metal—organic framework of [(CH,;),NH,]Fe(HCOO);.
This material shows a coexistence of a spin-canted
antiferromagnetic order and ferroelectricity as well as
clear magnetoelectric coupling below Ty ~ 19 K. In
addition, a component of single-ion quantum magnets
develops below ~8 K because of an intrinsic magnetic
phase separation. The stair-shaped magnetic hysteresis
loop at 2 K signals resonant quantum tunneling of
magnetization. Meanwhile, the magnetic field dependence
of dielectric permittivity exhibits sharp peaks just at the
critical tunneling fields, evidencing the occurrence of
resonant quantum magnetoelectric coupling effect. This
resonant effect enables a simple electrical detection of
quantum tunneling of magnetization.

In recent years, there has been remarkable interest in the
synthesis and investigation of hybrid organic—inorganic
materials, such as the metal—organic frameworks (MOFs),
largely due to their potential applications in gas storage,
catalysis, nonlinear optics, photoluminescence, and solar cells as
well as their intriguing magnetic and electric properties for
fundamental science study.' ® In particular, MOFs with the
ABX; perovskite-like structure are of great interest because the
variable A and B components provide plenty of room for
adjusting the physical and chemical properties in a simple
crystalline structure. In 2009, Jain et al. reported multiferroic
behavior in a family of perovskite MOFs,” which stimulated
considerable experimental and theoretical efforts to search for
new multiferroic materials in hybrid MOFs.*™"” Multiferroic
materials in which magnetic and electric orders coexist have
been the subject of extensive research for more than a decade
because of their promise for holding large magnetoelectric
(ME) coupling effects, i.e., the mutual control of ferroelectric
properties by magnetic fields and magnetism by electric
fields."* >

Compared with inorganic multiferroic materials of transition
metal oxides, the ME effects in multiferroic MOFs are very
weak and even undetectable because their electric and magnetic
orders usually have different origins. Only recently did our
group first report clear ME effects in the multiferroic state of
the perovskite MOF [(CH,),NH,]Fe(HCOO); (Fe-
MOF).>*** Moreover, we found that this Fe-MOF exhibits
resonant quantum tunneling of magnetization (RQTM) at 2
K,*® a phenomenon previously only seen in the single-molecule
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and single-ion quantum magnets.”* >’ Since the discovery of
Mn,, single-molecular magnet, the RQTM has attracted
remarkable research interests because of its potential for
applications in information storage, quantum computing, and
molecular spintronics. To measure the RQTM, sophisticated
facilities such as superconducting quantum interference device
(SQUID) or synchrotron-based spectroscopic techniques are
usually employed to detect the magnetization tunneling.””*"

The simultaneous presence of the RQTM and ME coupling
makes this Fe-MOF very interesting and unique. In this
communication, we demonstrate that the joint effects of the
RQTM and ME coupling give rise to a resonant quantum ME
effect at low temperatures. This compleltely new effect enables
an electrical detection of RQTM in a very simple and efficient
way.

We have prepared the Fe-MOF samples by a solvothermal
condition method (details in the Supporting Information).
Colorless single crystals with a maximum size of 2 X 2 X 2 mm®
are obtained. Powder X-ray diffraction (XRD) at room
temperature is performed to check the structure and phase
purity of the synthersized samples. The XRD pattern (Figure
S1) confirms that there is no secondary phase such as a mixed
valence compound®”** of Fe-MOF in our samples. The single-
crystal XRD pattern suggests that the crystals are naturally
grown layer by layer along [012] direction. As shown in Figure
1, the Fe-MOF has a perovskite-like ABX; structure. The metal
cations (B = Fe?") linked by formate groups (X = HCOO™)
form the BX skeleton and dimethylammonium (DMA) cations
(A = [(CH;),NH,]*) occupy the cavities. The amine hydrogen
atoms of DMA" form hydrogen bonds with the oxygen atoms
of the formate groups.

The dielectric permittivity and magnetization along [012]
direction of the Fe-MOF as a function of temperature are
shown in Figure 2ab, respectively. A paraelectric (PE) to
ferroelectric (FE) phase transition is observed at T &~ 164 K,
as evidenced by the sudden jump in the dielectric permittivity
(Figure 2a). We also carried out pyroelectric current measure-
ments and found a sharp pyroelectric peak at the dielectric
phase transition, further confirming the ferroelectric ordering
below T. ~ 164 K (Figure S2). In addition, this perovskite
MOF also exhibits magnetic ordering at low temperatures. As
seen in Figure 2b, two magnetic transitions can be identified:
one at Ty & 19 K and another around Ty ~ 8 K, below which
the zero-field-cooled (ZFC) and field-cooled (FC) magnet-
ization diverge. A careful study has suggested that there is a
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Figure 1. A side view of the perovskite-like structure of the metal—
organic framework [(CH;),NH,]Fe(HCOO);.
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Figure 2. (a) Temperature dependence of dielectric permittivity. A
paraelectric-ferroelectric (PE-FE) phase transition occurs at T ~ 164
K. (b) ZFC and FC magnetization in 0.1 T as a function of
temperature. A paramagnetic (PM) to spin-canted antiferromagnetic
transition occurs at Ty & 19 K. An anomaly in dielectric permittivity is
observed at the magnetic ordering temperature.

magnetic phase separation in this perovskite Fe-MOF.”
Accordingly, the sharp transition at Ty is due to the onset of
a spin-canted antiferromagnetic (AFM) ordering, and the drop
of the ZFC magnetization below Tjy is due to the blocking of
single-ion quantum magnets. Just at the magnetic ordering
temperature Ty, the dielectric permittivity starts to increase
rapidly as seen in Figure 2b. This coincidence between
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One unique feature of this Fe-MOF is that it exhibits RQTM
at low temperatures. Figure 3a shows the M—H loop along

and dielectric anomaly is a strong evidence
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Figure 3. (a) M—H loop at 2 K. (b) Stair-shaped M—H loop after
subtracting the linear M(H) component at 2 K. (c) Dielectric
permittivity as a function of scanning magnetic field at 2 K. The blue
solid lines represent the linear dependences extrapolated to zero field.

[012] at 2 K. After subtracting the linear dependence of
magnetization of the AFM component, we obtain a regular
stair-shaped M—H loop shown in Figure 3b, which is a
characteristic of RQTM.

The ME coupling in Fe-MOF is evidenced by the
magnetodielectric effect at 2 K. As shown in Figure 3¢, the
dielectric permittivity decreases with increasing magnetic field.
When comparing the magnetodielectric behavior with the M—
H loop, we find an interesting correlation between them. At 2
K, the magnetization exhibits two sharp jumps at H; = 0 T and
H, =22 T or —2.2 T for the ascending and decending branch,
respectively, corresponding to the occurrence of resonant
tunneling of magnetization. The dielectric permittivity also
shows two clear peaks at these critical fields, exactly matching
with the RQTM. To confirm that the magnetodielectric
behavior at 2 K is intrinsic, we also measured the magneto-
dielectric response at 15 K where the RQTM is absent. As seen
in Figure S3, the dielectric permittivity at 15 K decreases
monotonically with increasing magnetic field, unlike the
behavior at 2 K.

The concurrence of the magnetodielectric peak and RQTM,
termed as the resonant quantum ME effect, is more clearly
illustrated in Figure 4, where the relative change of the
dielectric permittivity (A¢) is compared with the differential of
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Figure 4. Comparison between the relative change of dielectric
permittivity Ae and the differential of magnetization dM/dH at 2 K for
(a) descending magnetic field and (b) ascending magnetic field. The
dielectric peaks appear at the same critical fields of RQTM, suggesting
the resonant quantum magnetoelectric effects in the Fe-MOF.

magnetization (dM/dH) at 2 K. Ae is obtained after
subtracting the linear dependence of & with H (blue solid
lines in Figure 3c). When magnetic field is scanned from S to
—S T (Figure 4a), the dM/dH shows two sharp peaks at H=0
and —2.2 T, corresponding to the positions of the RQTM. Ae
also exhibits sharp peaks at these positions. Similarly, when
magnetic field is scanned from —S to S T (Figure 4b), the
RQTM occurs at H = 0 and 2.2 T, and Ae also exhibits sharp
peaks at these critical fields. Therefore, these results
demonstrate that the RQTM can be clearly mapped by the
magnetodielectric effect.

Below, we discuss the possible origin of this resonant ME
effect. A systematic progression of contributions to the ME
effects can be obtained from the expansion of the free energy:'®

_ S S 1 1
F(E,H) =F, — P’E,— M’H, — EeoeijEiEj - E'“O'uiniHj

1 1
~ GEH, ~ A EHH, ~ 1, HEE, -
(1)

where P° and M® are the spontaneous polarization and
magnetization, @ corresponds to the linear ME effect, and S
and y correspond to the higher-order ME effects. The
differentiation of eq 1 gives
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For the linear ME effect, the polarization is expected to vary
linearly with applied magnetic field. Apparently, the linear ME
effect alone is not able to account for the resonant ME effect in
the Fe-MOF. High-order nonlinear ME effects have to play an
important role. It is likely that both the A-group organic cations
and the BX; framework are involved in the generation of
polarization to give a dedicated ME coupling process.””
Meanwhile, the tunneling of magnetization (magnetic mo-
ments) corresponds to a sudden change in angular momentum.
Because of the conservation of the total angular momentum in
the whole system, the surrounding lattice feels a transfer torque
and induces an opposite change in phonon angular momentum,
known as the Einstein—de Haas effect.’® The spin—phonon
interaction may give rise to a detectable change of the dielectric
permittivity in response to the tunneling of magnetization.

In summary, we have demonstrated that the simultaneous
presence of ME coupling and RQTM in the multiferroic Fe-
MOF with a perovskite structure yields a novel resonant
quantum ME effect. Along with the tunneling of magnetization,
the dielectric permittivity exhibits sharp peaks due to the ME
coupling. Thus, the quantum tunneling of magnetization can be
simply detected by measuring the dielectric permittivity as a
function of magnetic field.
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