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ABSTRACT
Metal-organic frameworks based on metal-formates have emerged as a intriguing class of multiferroics with wide range of applications. In
this work, we present magneto-Raman spectroscopic investigations on [(CH3)2NH2]Co(HCOO)3 belonging to this family. The spectroscopic
studies were performed at magnetic fields up to 31 T at the temperature of 2.3 K. It was observed that the formate bending mode at around
798 cm−1 shifts to higher energies with increasing magnetic field. The magneto-response of the phonon also exhibits anomalies at magnetic
fields of 14.5 T and 23.5 T corresponding to magnetic phase transitions. Based on our results, we conclude that the formate bending mode
does play a role in facilitating the saturation of magnetic states similar to its Mn and Ni analogs.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000147

I. INTRODUCTION

Metal-organic framework (MOF) is an interesting class of
hybrid materials that have excellent applications in catalysis, gas
storage and sensors, drug delivery and many more.1–4 With the
explosion of the field of multiferroics,5 MOFs became one of
the sought after approaches to obtain materials that have at
least two coexisting magnetic, electric and/or elastic orders.6–8

This quest for multiferroics in MOFs achieved its first success
with the discovery of multiferroicity in the family of perovskite
MOFs.9 Since then, several intriguing magnetic and ferroelec-
tric properties were reported in this subgroup of metal formate
MOFs.7,10–22

The family of metal formates has the general formula
[(CH3)2NH2]M(HCOO)3 where M=Fe2+, Mn2+, Co2+, Ni2+, Zn2+,

Mg2+, Cu2+, Cd2+. Initially, these MOFs were classified as Type-
I multiferroics where the electric and magnetic order have differ-
ent mechanisms. The ferroelectric order was associated with the
order-disorder transitions of the [(CH3)2NH2]+ cations while the
magnetic order was attributed to the [M(HCOO)3]− ions.9,10,17

However, more recently a coupling between the magnetic and fer-
roelectric order was observed in Mn-,16 Fe-18 and also Co-23 based
compounds. These results indicate that they rather exhibit Type-
II multiferroics behavior. Mn-, Co- and Ni-based compounds are
canted weak ferromagnets with Tc values of 8.5 K, 14.9 K and 35.6 K,
respectively.24

The [(CH3)2NH2]Co(HCOO)3 (Co-MOF) is particularly
intriguing due to the observation of two co-existing phases with the
canted magnetically-ordered phase25 and glassy behavior.19 Recent
investigations on structure-property relationship suggest that the
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Co-MOF adopts a different mechanism to facilitate the transition to
their fully saturated magnetic states unlike Mn- and Ni-based com-
pounds which rely on formate bending mode for magneto-elastic
coupling.22 In this article, we report the Raman spectroscopic inves-
tigations on [(CH3)2NH2]M(HCOO)3 with M=Co2+ (Co-MOF) at
high magnetic fields that were performed to further probe the nature
of magneto-elastic coupling in this intriguing family of MOFs.

II. EXPERIMENT
Co-MOF samples were synthesized using a solvothermal

method.9 The yield consisted of pink-orange crystals of about 500
μm−1 mm dimension. The samples were found to be sensitive to
ambient conditions (oxygen and/or moisture). Careful sample han-
dling procedures were therefore followed during the preparation for
every spectroscopic measurement.

Raman spectroscopic experiments at magnetic fields were per-
formed using two different magnet systems in National High
Magnetic Field Laboratory. The data was acquired in 31 T resis-
tive magnet as well as 17.5 T superconducting magnet. This allowed
detailed experiments below and above 17.5 T as well as check repro-
ducibility of data. The experiment was performed using 532 nm laser
excitation source with incident power of about 50 μW. The laser
beam was coupled to a custom-built fiber-based probe for 31 T mag-
net. The excitation light fed into the magnet via an single mode
excitation fiber was focused on to the sample by an aspheric objective
lens (NA = 0.67) to a spot size of 3.5 μm in diameter. The scattered
light was collected using the same lens and coupled to the spectrom-
eter with a liquid nitrogen cooled CCD through a collection fiber
with 100 μm diameter. Spectrometer with 1800g/mm grating and
0.75 m focal distance from Princeton instrument was used for the
measurement to achieve a spectral resolution of about 1 cm−1. The
spectra were recorded for magnetic fields up to 31 T at lowest stable
temperature of 2.3 K.

III. RESULTS AND DISCUSSION
Co-MOF crystallizes in trigonal symmetry in space group R3̄c

with Z=6.9,19,32 The crystal structure visualized along the three
crystallographic directions are shown in Fig. 1(a)-(c). The crystal

FIG. 2. The Raman spectrum of Co-MOF acquired at T=2.3 K at zero magnetic
field.

consists of cobalt (Co2+ cation, formate (HCOO−) anion and the
organic DMA (CH3)2NH2

+cation. The cobalt ions are connected to
the nearest neighbor metal ion via formate bridges and is positioned
in CoO6 environment. The DMA cation occupies the cavity of the
metal-formate framework.

The Raman spectrum of Co-MOF below 1500 cm−1 at low-
est measured temperature of 2.3 K in the absence of magnetic field
is shown in Fig. 2. While some of the very weak phonon modes
are not visible in the spectrum due to reduced collection efficiency
of Raman setup inside a high-field magnet, most of the expected
phonon modes were observed. The observed phonon modes, their
assignment along with the nature of vibrations are listed in Table I.
The vibrational modes of Co-MOF can be divided into internal
vibrations of DMA+ and formate ions, and the lattice vibrations
involving these ions and Co2+ cations.26–28 Free HCOO− ion has
six internal modes while free DMA+ ion (C2v symmetry) has 27
internal modes.29,30 Previous calculations of vibrational properties
of Ni-MOF also show that there are 69 expected vibrational modes
of [M(CHOO)6 ]4− complex.26 The internal modes of the ions and
the lattice vibrations are observed at frequencies above and below

FIG. 1. The crystal structures of [(CH3)2NH2]Co(HCOO)3 viewed along the crystallographic axes a,b and c, revealing the view of (a) bc plane, (b) ac plane and (c) ab plane,
respectively are shown.
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TABLE I. The table shows the Raman active phonons below 1400 cm−1 observed
at 2.3K and their assignment. The assignments were determined by comparison with
the phonons assignments published for other transition metal analogs with Mg, Cd,
Zn, Fe and Ni.26–31

Observeda Assignment Vibration

1458vw δas(CH3) Antisymmetric bending CH3
1366 ν5(HCOO−) In-plane bending C-H
1345 ν2(HCOO−) Symmetric stretching C-O
1034 νas(CNC) Antisymmetric stretching
933 ρ(NH2) Rocking NH2
902 νs(CNC) Symmetric stretching
810sh 806sh ν3(HCOO−) Symmetric bending O-C-O
798 802 ν3(HCOO−) Symmetric bending O-C-O
411w δ(CNC)T (Co2+) Bending
332vw τ(CH3)T (Co2+) Torsion
258vw T (Co2+) Translation
242vw T (Co2+) Translation
221w T (HCOO−) Translation
213 T (HCOO−) Translation
205 T (HCOO−) Translation
195 L (HCOO−) Libration
186 188 L (HCOO−) Libration
180 L (HCOO−) Libration
170 L (DMA) Libration
161 L (DMA) Libration
147w L (DMA) Libration
141 L (DMA) Libration
135 L (DMA) Libration
125 L (HCOO−) Libration
113 L (HCOO−) Libration
109 L (HCOO−) Libration
98 92w 81 T (DMA) Translation
75 δ(CoOC) Bending of Co-O-C
66 δ(CoOC) Bending of Co-O-C
57sh 55 δ(CoOC) Bending of Co-O-C
ash-shoulder, vw-very weak and w-weak.

800 cm−1, respectively. The vibrational modes above 800 cm−1

mainly correspond to the symmetric and antisymmetric stretch-
ing and bending of formate ion. Although the modes observed in
the infrared and Raman spectra are generally governed by mutual
exclusion due to selection rules, most of the internal vibrational
modes of the ions were observed in both infrared and Raman spec-
tra. The observation of the internal modes of formate ions and
DMA+ ion at very similar wavenumbers in infrared and Raman
spectra were attributed due to weak intermolecular interactions and
disorder-induced relaxation of selection rules, respectively.31

With the application of magnetic fields, the vibrational modes
of Co-MOF remained unchanged except for one vibrational mode
at around 798 cm−1 corresponding to the symmetric bending of -
O-C-O- in the formate ion. The magnetic field dependence of this
symmetric bending mode is shown in Fig. 3. The mode exhibited
a small shift to increasing energies with increasing magnetic fields
up to 31 T. The changes with respect to the applied magnetic fields
lower than 25 T were rather small in comparison to those at higher
magnetic fields. The magnetic field induced changes of the bending

FIG. 3. The magnetic field dependent changes in the phonons around 800 cm−1

in the magnetic field range from 0 T to 31 T are plotted with vertical offset. Only
selected magnetic field values are shown for clarity.

mode can be better understood in Fig. 4. The total change in the
energy of the vibrational mode is about 134 μeV corresponding to a
temperature change of 1.56 K. Although the change is very small,
it is consistent with magnetic field induced response in infrared
spectroscopic investigation22 and observed to be extremely repro-
ducible with magnetic field increase. Furthermore, the phonon shifts
were not observed at even slightly higher temperature of 5 K indi-
cating that highly stable lower temperatures and magnetic fields are
required to observe these small changes. The width of the vibrational

FIG. 4. The change in energy of the formate bending mode is shown as a function
of magnetic field. The vertical dashed lines indicate the magnetic fields at which
magnetic phase transitions have been observed in magnetization and electric
polarization measurements.23
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mode did not exhibit any discernable change in response to external
magnetic field.

The slope of the field induced changes were observed to change
at two magnetic fields around 14.5 T and 23.5 T. The shift of the
phonon modes is nearly linear at magnetic field above 23.5 T. Recent
magnetization measurements have revealed that Co-MOF under-
goes a transition from weak ferromagnetic phase to spin-flop phase
at around 14.5 T when magnetic field was applied along the [010]
crystallographic direction.23 A phase diagram of Co-MOF con-
structed based on data from magnetization and electric polariza-
tion measurement also indicate a transition from spin-flop phase to
paramagnetic phase close to 23.5 T for magnetic field along [010].23

Although we do not know the precise direction of applied magnetic
field with respect to crystallographic orientation in our experiments,
the anomalies in the phonon energy is in excellent agreement with
the previous report. This observation also indicates that the applied
magnetic field is along the easy axis [010].

In the magneto-infrared studies on Mn-, Ni- and Co-MOFs,
it was observed that -O-C-O- formate bending mode is the only
phonon that is sensitive to applied field in case of Mn-MOF.22 This
observation was indicated as evidence for magnetic-elastic coupling
facilitating Mn-O-C-O-Mn superexchange pathway.21 Based on the
temperature and magnetic field dependence of the infrared spec-
tra of these MOFs, it was suggested that Mn-MOF and Ni-MOF
are quite similar in terms of magneto-elastic coupling. In the same
study, the formate bending mode of Co-MOF did not show any
magneto-response. It was concluded that the magneto-elastic cou-
pling in Co-MOF is different from that of Mn- and Ni-MOF due
to distortions in the CoO6 octahedra that were causing the inher-
ent differences in these compounds. However, the observation of
magnetic-field induced shifts in the formate bending mode in the
Raman experiments presented here indicates that the nature of the
mageto-elastic coupling is not different from those of the other
analogs even though the energy scale is altered due to the octahedral
distortions.

IV. CONCLUSION
Magneto-Raman spectroscopic studies of Co-MOF at magnetic

fields up to 31 T were performed at temperature of 2.3 K. We find
that the formate bending mode at frequency of about 798 cm−1 is the
only phonon sensitive to the external magnetic field. The energy of
formate bending mode shifts to higher frequencies with increasing
magnetic field. In addition, the magneto-response of this phonons
exhibits anomalies at 14.5 T and 23.5 T corresponding to magnetic
phase transitions from weak ferromagnetic phase to spin-flop phase
and from spin-flop phase to paramagnetic state, respectively. This
shift in phonon energy also signifies that formate bending mode def-
initely plays a mode in facilitating saturation of magnetic states in
this compound. The difference in the energy scale of the coupling in
comparison with the Mn-MOF and Ni-MOF is most probably due
to the octahedral distortions observed in Co-MOF.
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