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ABSTRACT : We employ electron paramagnetic resonance (EPR) of Mn> as a spin probe to study
the paraelectric—ferroelectric transition in Dimethylammonium Manganese Formate,
[(CH,).NH.]Mn(CHCO,)., (DMMnF), which is considered a model metal-organic framework
(MOF) with a Pb-free perovskite architecture. We study the variation of the Mn> EPR line shape
and intensity at the X-band (~ 9.5 GHz) over 80K to 300 K. The peaks are essentially Lorentzian,
implying electron spin exchange at frequencies greater than 9.5 GHz. On cooling, an anomalous
increase in the peak width is noted at 185 K but no anomalous change in the normalized, double-
integrated EPR signal intensity around the T., indicating that DMMnF is transparent to microwave
electric fields with a clear lack of magnetoelectric coupling, in contrast to an earlier report. Our
analysis enables us to estimate change in lattice strain related to the ferroelectric transition,

information that is difficult to obtain by other techniques.
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1. INTRODUCTION

Inorganic perovskites with the formula ABO., where A is a divalent cation such as Pb or Bi, and
B a transition ion ( e.g., Mn), have received increased research focus recently, in part because
they offer new possibilities in nanotechnology , with potential applications in information
storage and manipulation via both electric and magnetic pulses on a single-phase material.# Such
materials which display simultaneous existence of more than one type of long-range order are
termed multiferroics. Multiferroics exhibiting simultaneous magnetic and electric ordering offer
the possibility of magnetoelectric coupling, which is the electric control of magnetization or
magnetic control of dielectric polarization.:* However, reports of magnetoelectric coupling are
rare even for single-phase inorganic materials, which have been extensively researched for

several decades.

Based on eventual environmental concerns, it has been thought desirable to develop analogous
materials but free of Pb,' and recently a class of Pb-free materials with the perovskite architecture
and coexisting ferroelectric — ferromagnetic characteristics has been reported.s» The forerunner
of this class is the compound Dimethylammonium Zinc Formate, [(CH.).NH.]Zn(HCOO),, which
becomes ferroelectric at 156 K * and which exhibits glassy behavior akin to the inorganic
perovskites, ¢ The Mn analogue of this compound, Dimethylammonium Manganese Formate,
[(CH,).NH.]Mn (HCOO), turns ferroelectric below 185 K , and becomes a canted

antiferromagnet at 8.5 K7 .

The compound [(CH.,).NH,[Mn (HCOO), , henceforth referred to as DMMnF , is the first reported
metal-organic multiferroic (MOF) with the perovskite architecture. It is a Type II multiferroic in
which magnetic and electric order have different origins. It undergoes a transition from a

paraelectric to ferroelectric state when cooled to ~185 K. This transition results from the ordering



of hydrogen bonds between the DMA- protons and formate-group oxygens (Figure 1). In the
paraelectric state, the nitrogen in DMA* undergoes hindered rotation and is disordered over three

possible positions. At the phase transition, T., the hindered rotation slows down drastically and
the DMA:- ion gets ordered into one of the three positions, accompanied by a structural phase
transition.*** Polarization develops as a result of the structural distortion of the DMA- cation due
to the hydrogen bonding, although the exact mechanism of this transition is still not fully
elucidated. On the other hand, the MOF undergoes a magnetic phase transition to a canted
antiferromagnetic state .due to the Mn* ions at ~8.5 K. The large separation of electric and
magnetic phase transitions and the split-order nature of magnetic and electric order makes it
unlikely that there is magnetoelectric coupling in DMMnF =. This is consistent with the absence
of reports on electric control of magnetization or vice versa in this MOF. Nonetheless,
perovksite-like MOFs with paramagnetic metal ions are currently the most extensively explored
systems with the view of obtaining magnetoelectric coupling in hybrid, single-phase multiferroic

materials..

With this in view, recently Wang et al.« have carried out detailed magnetic susceptibility,
magnetization, dielectric polarization and electron paramagnetic resonance (EPR) on DMAMnF.
In particular, they have used the EPR of the naturally present Mn> ion as a spin probe of the
ferroelectric transition at T. ~ 185 K, since EPR can indeed provide detailed information on the
local symmetry and molecular dynamics at the site of a spin probe.”*These authors conclude that
the temperature variation of intensity of the EPR peak and of the magnetic susceptibility
provided a direct evidence of the existence of a strong magnetoelectric coupling in DMAMNnF,
and thus an easy, new methodology for measuring magnetoelectric couplings in new multiferroic

samples, in contrast to an earlier EPR and magnetization report on DMAMNF <. This issue



provided an incentive for the present undertaking, in which we have carried out detailed EPR
measurements on single crystals and powders of DMAMNF, using two different types of
microwave cavities to obviate any possible errors associated with the change in the cavity quality
(Q) factor at a ferroelectric transition »»as a result of the possible dielectric loss at the
ferroelectric transition. The presently reported EPR measurements, involving an internal spin
standard, do not show any signature in the drop in EPR intensity at the ferroelectric transition.
Magnetic susceptibility measurements at microwave frequency or DC SQUID data also did not
detect any significant deviation from the Curie behavior around the T.. The structural transition
observed by the EPR linewidth has no effect on the susceptibility which leads us to the
conclusion that there little to no magnetoelastic effect in DMAMNF in agreement with Thomson

et al. » A likely cause of discrepancy is discussed.

2. EXPERIMENTAL DETAILS:

Synthesis: Dimethylammonium manganese formate, DMMnF, was synthesized using a standard
solvothermal synthetic procedure, described in previous reports.>* Briefly, 1 mmol of
MnCl..4H.O was dissolved in a solution consisting of 6 mL Dimethylformamide and 6 mL.
deionized water. The solution was heated in a Teflon-lined autoclave at 140°C for three days.
The supernatant was decanted and left to crystallize, yielding clear, block single crystals after
several days. Crystals of Mn2+-doped Dimethylammonium Zinc Formate, DMZnF-Mn, were

synthesized by the same method with Zn: Mn mole ratios in the initial reaction mixture being 1:

400.

Single Crystal X-Ray Diffraction: The structural identity was verified by single crystal x-ray
diffraction, using a BRUKER SMART APEX II diffractometer ,equipped with a graphite

monochromator and Mo Ka (A =0.71073 10\) radiation source. Measurements were made at 200



K and 100 K respectively, with a sample cooling rate of 2 K/min. The deduced space group, and
the derived bond lengths and bond angles agreed fully with earlier reports.»* DMAMNnF unit cell

structure is shown in Figure 1.

SQUID: SQUID measurements were carried out on powdered samples of DMMnF, using a
Quantum Design MPMS. Temperature sweeps were carried out in the range of 1.8-300 K under

an applied field of 100 G.

EPR: EPR experiments have been performed using a conventional X-band Bruker EMX
spectrometer operating at about 9.4 GHz between 80 K and 300 K. The temperature was
controlled by an Oxford ITC and stabilized 10min between each spectrum. Near the ferroelectric
transition (about T.=185 K) a thermal ramp of 0.5 K/min was applied and EPR spectra was
recorded continuously. Temperature steps of 0.25 K and even 0.1 k were utilized around T..
Closer temperature A small amount of DPPH was used as reference in order to avoid intensity
artifacts du to variation of the Q factor of the cavity. Magnetic field modulation associated with a
lock-in detection was employed resulting in derivative of the signal. All measurements have been
carried out for the static field H perpendicular to the (012) face of the crystal. All the spectra
recorded can be fitted by a derivative of a Lorentzian. The simultaneous fit of the DMMnF signal
and DPPH signal yield intensity, linewidth and resonance field with high accuracy and ensure

removal of unwanted effects caused by the cavity.



Figure 1: ABX -type MOF cavity in the paraelectric phase (T>T.) of DMMnF. Mn* and HCOO
ions form the porous framework. The cavity is occupied by the DMA- ion. The Nitrogen in
DMA: is disordered over three positions at T>T.but gets ordered in one of the three positions

below T..

3. RESULTS AND DISCUSSION:

EPR resonance field and linewidth: Temperature dependence of the continuous wave (cw)
EPR of DMMnF has been carried out in the range 300 K down to 80 K with particular attention
near the structural phase transition (Tc~185 K). Figure 2 shows a series of spectra near T., in 10
K intervals from T=210 K to T=160 K. The sharp peak is the DPPH reference and the broader
line is attributed to DMAMNnF. There is a small but clear jump in DMMnF signal height when T.

is crossed.
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Figure 2: Comparison of X-band spectra on DMMnF single crystal in a range of temperatures
above and below T.(~ 185 K). The sharp small line in the middle is due to the internal standard
DPPH. As such, while this observation is in accord with those of Wang et al., additional studies

after double integration showed no jump in the overall signal intensity (see below).

The EPR spectra were fitted using a derivative of a Lorentzian. The linewidth, resonance field
and normalized intensity were extracted from fits. Figure 3 (a) shows the temperature
dependence of shift of the resonance field (OH) compared to the resonance field of DPPH (which
is temperature-independent). DMMnF is highly isotropic and its g-factor is very close to the free-
electron value. However one can see a small but clear variation of 8H when temperature crosses
Tc. Figure 3 (b) shows the temperature dependence of the half width at half maximum (HWHM).
The HWHM is broadly constant with temperature but there is a clear discontinuity in HWHM

when temperature crosses T.. In order to observe the effect of the phase transition on the



linewidth, we used a slow thermal ramp and recorded spectra at closely spaced intervals of 0.5
K. The inset in Figure 3 shows the HWHM while cooling (red squares) and heating (blue
circles). Not only is the variation of HWHM almost instantaneous but a clear hysteresis of 5K is
reported. The presence of the hysteresis is evidence of an irreversible process caused by a first

order structural phase transition.
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Figure 3: Comparison of temperature-dependences of (a) resonance field and (b) linewidth of the
X-band EPR signal from a DMMnF single crystal. The inset in (b) shows the change in linewidth

at 0.5 K intervals around the phase transition.



In the following, we will show that the HWHM value and variation can be explained by a
standard Anderson-Weiss (AW) = analysis taking into account the motion of DMA- cation. In the
AW model, the atom absorbs a single frequency which varies over a distribution of the local
fields but also varies randomly in time by the exchange interaction: the exchange narrowing
model. The electron spins feel a local field modified by many interactions like dipole-dipole
interactions, (super)hyperfine interactions, and local modulations of the crystal field. These
interactions are responsible of a broadening of the EPR lines. On the other hand the electron
spins also feel a time fluctuating field due to the Heisenberg exchange interaction which results
in line narrowing. Usually the local field distribution is due to dipole-dipole interactions. The
linewidth due to the combination of line broadening and narrowing mechanisms can be estimated

by Equation 1 below.

AH = — — (1)

with H3 = 5.1(gBn)%S (S + 1), is the dipolar second moment and H, = 1.68$ S(S+1)is

the exchange field. S = 5/2 and f is the Bohr magneton. To describe DMAMnF we choose
J=0.32cm" », n= number density = 4.4*10~ spins/cm’ (calculated using unit cell parameters for the
high temperature, R3¢ phase) and g=2.We obtain H;= 291000 Oe* (H,=539.4 G) and He=16900
G. Since H. is higher than the resonance field (about 33000e) the “10/3 effect” takes place and

the HWHM is: AH=10/3*16.7G =55 G.

This value is in agreement with the HWHM observed in Figure 3b. However, the sudden change
of HWHM at Tc cannot be explained only by the change in dipolar broadening due to structural

phase transition. Indeed, the variation of number of spins per unit volume, n is negligible

10



between the 2 structural phases and other parameters in equation (1) also do not change at the
phase transition. We can explain this jump in HWHM by the motion of the DMA- cation. At high
temperature, the DMA- moves in the cage between its 3 equivalent positions. This motion locally
changes the crystal field around the Mn* ions and acts like D-strain. For T<Tc, the DMA- stops
moving and the crystal field doesn’t fluctuate anymore. This effect is usually observed in
ferroelastic phase transitions * investigated by EPR of transition metal impurities (mostly Mn*).
To estimate broadening induced due to motion of DMA+ we performed EPR on the non-magnetic
but equivalent system Dimethylammonium Zinc Formate (DMZnF) lightly doped with Mn> (<
0.5%). Like DMMnF, DMZnF exhibits a paraelectric /ferroelectric transition associated with a
structural change (see Figure 1 in Supporting Information). In Mn»-doped DMZnF, the Mn* ions
are too far from each other and have a negligible dipole-dipole as well as exchange interaction.
Only broadening due to crystal field strain is observed. From simulations of the EPR spectra we
extract the strain field H,seen by the Mn> ions. At high temperature H."~150 Oe and at low
temperature H.* ~10 Oe. The extended AW model can be shown by Equation 2 below.

10 H3+H%
3 H,

AH = )
It is important to notice the H-strain broadening or H, is reduced by the time fluctuation caused

by the exchange field. The HWHM now becomes:

10 291000+1502
AHw= * =62G
3 16900

10*291000+102
3 16900

AHv= =57G
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These values are consistent with the ones reported in Figure 3, supporting our argument that the
mechanism of the observed width is reasonably well understood. Our analysis of EPR lineshape
enables us to probe the evolution of structural strain through the ferroelectric phase transition.

This information is difficult to obtain by other techniques.

The same arguments can be applied to shift in resonance field 9H shown in Figure 3a since it’s a
local effect only affected by the crystal field. It is interesting to notice that the ferroelastic phase
transition is rarely observed in correlated magnets since its effect is highly reduced by the
exchange narrowing effect. Finally it is seen the anomalies in 9H and HWHM can be attributed

to the structural phase transition, without invoking any magnetoelectric effect.

Magnetic susceptibility

To check for change in magnetic behavior at the ferroelectric phase transition, we carried out
detailed SQUID measurements in the region of the ferroelectric phase transition. Susceptibility is
given by the intensity of the EPR signal and extracted by the fits. Since intensity is highly
dependent on the Q factor of the spectrometer cavity which itself can change with the temperature
and during the ferroelectric transition, we used the DPPH signal as a reference for susceptibility.
The DC susceptibility measurements show Curie-Weiss behavior in the region from 300 K — 30 K
with 0 = -13K, as shown by the linearity of the 1/, plots in this temperature range (Figure 4).
This result is in agreement with previously published results “but in disagreement with Wang et
al. ». To resolve this discrepancy, we compared ¥, with the susceptibility from EPR measurements.
Using the Kramers-Kronig relation, the susceptibilities from EPR and from SQUID should be
proportional. In figure 4 we can see 1/y.. is perfectly linear in temperature with 0..= -20K and no

sign of ferroelectric transition is observed. The ferroelastic transition observed by the EPR

12



linewidth has no effect on the susceptibility which leads us to the conclusion that there little to no
magnetoelastic effect in DMMnF in agreement with Thomson et al. > Additionally, we found that
the deviation in linearity in the temperature dependence of X-inverse reported by Wang et al may
be explained by the presence of a ferromagnetic impurity. When such a contribution is accounted
for, the plot becomes linear as shown in the inset in Figure 4. Finally, the absence of any effect of
the para/ferroelectric phase transition on the magnetic susceptibility proves there is no

magnetoelectric coupling in paramagnetic phase in DMMnF.
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Figure 4: Comparison of temperature dependence of inverse susceptibility obtained from DC
SQUID measurements (purple squares) and EPR (green circles). The inset shows inverse
susceptibility as reported by Wang et al, * and inverse susceptibility from Wang et al after

correction for ferromagnetic contribution.
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CONCLUSION:

We used EPR and SQUID magnetometry in order to probe the effect of the ferroelectric phase
transition on the magnetic properties of DMMnF. Using the Anderson-Weiss model we
described the anomaly observed at T. by a structural phase transition. The movement of the
DMA- cation in the high temperature phase results in a distribution of local crystal fields around
the Mn> ions. When T < T. the DMA:- ions order cooperatively and the distribution in local
crystal fields is reduced. Magnetic susceptibility from EPR and from SQUID show a standard
Curie-Weiss behavior and no sign of effect of the ferroelectric transition is observed, leading to
the conclusion that neither a magnetoelastic coupling nor magnetoelectric coupling is observed
in the paramagnetic phase of DMMnF. We also show that a recent report of magnetoelectric

coupling can be explained by the presence of ferromagnetic impurities
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