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ABSTRACT: We bring together magnetization, infrared spec-
troscopy, and lattice dynamics calculations to uncover the
magnetic field-temperature (B-T) phase diagrams and vibra-
tional properties of the [(CH;),NH,]M(HCOO), (M = Mn*,
Co®, Ni**) family of multiferroics. While the magnetically
driven transition to the fully saturated state in [(CH;),NH,]-
Mn(HCOO); takes place at 15.3 T, substitution with Ni or Co
drives the critical fields up toward 100 T, an unexpectedly high
energy scale for these compounds. Analysis of the infrared
spectrum of the Mn and Ni compounds across T reveals  Néel temperature & lonic radius

doublet splitting of the formate bending mode which functions

as an order parameter of the ferroelectric transition. By contrast, [(CH;),NH,]Co(HCOO)j, reveals a surprising framework
rigidity across the order—disorder transition due to modest distortions around the Co®' centers. The transition to the
ferroelectric state is thus driven by the dimethylammonium cation freezing and the resulting hydrogen bonding. Under applied
field, the Mn (and most likely, the Ni) compounds engage the formate bending mode to facilitate the transition to their fully
saturated magnetic states, whereas the Co complex adopts a different mechanism involving formate stretching distortions to
lower the overall magnetic energy. Similar structure—property relations involving substitution of transition-metal centers and
control of the flexible molecular architecture are likely to exist in other molecule-based multiferroics.

Mn and Ni analogs

Saturation field

B INTRODUCTION

Multiferroics are fascinating materials where ferroelectric and
magnetic orders coexist, and spatial-inversion and time-reversal
symmetries are simultaneously broken.'”* They are also
potential platforms for the development of ultralow-power
memory, switching devices, and novel computing architec-
tures.” The most well-studied multiferroics, for instance
BiFeOj;, EuTiO;, and the rare-earth manganites, are oxides
with perovskite-like structures.””® Recently, molecule-based
multiferroics have attracted attention. Though their transition
temperatures are not as large as those of the oxides and related
superlattices’ and the coupling between their polarization and
magnetization is smaller, they offer energy scales that are well
matched to convenient laboratory fields and temperatures,
along with flexible molecular architectures, easily varied by
chemical substitution.'”~"* They are therefore very convenient
systems for the study of emergent properties. Many of these
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materials, for instance, [CH;NH;][Co(HCOO),] and
[C,H;NH;][Na, ;Fey s(HCOO),], are hybrid organic—inor-
ganic perovskites. "> Others include the A,[FeCl;(H,0)] (A
= K, Rb, NH,) family of erythrosiderites where cation
substitution alters magnetoelectric properties,'® perovskite-
like CuCl,(C¢H;CH,CH,NH,),,"* low-symmetry organic
charge-transfer salts like k-(ET),Cu[N(CN),]CL"" and even
transition-metal halide monolayers such as CrBrs.'® Control of
the counterion and metal center plus ligand substitution permit
systematic exploration of structure—property relations.' "

In this work, we focus on the [(CH;),NH,]M(HCOO), (M
= Mn*, Co*, Ni**) family of hybrid organic—inorganic
perovskites.”’ These systems possess a perovskite-like ABX,
formula, where A is a charge-compensating cation (in this case,
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Figure 1. (a) Crystal structure of [(CH,),NH,]M(HCOO), showing the metal centers (M = Mn**, Co®", Ni**), formate ligands, and disordered
dimethylammonium at room temperature.”® (b) Comparison of electronic and spin states for the different transition-metal centers. (c) Close-up
view of the counterion in the ordered low-temperature state. (d) Temperature and magnetic field energy scales showing the characteristic
transitions. cAFM = canted antiferromagnet, PM = paramagnet, FE = ferroelectric, PE = paraelectric, Bgz = spin flop field, and B = saturation field.

Table 1. Comparison of Important Properties in [(CH,),NH,]M(HCOO); (M = Mn**, Co**, Ni**)“

M S Tc (K) Ty (K) Bg (T)
Mn 5/2 185%° 8.520%¢ 031"
Co 3/2 165%° 14.920%6 11.2%
Ni 1 180%° 35.620% 7.7°

B¢ (T) P (uC/em®) J (K) J (K) (DFT)
153" 1.5% —0.64°%2° —1.12%

88 - —3.2026 -3.79"

125° - —6.79°02¢ —24.6"

“Here, P is the polarization, ] is the dominant exchange energy (calculated according to molecular field theory26 as well as DFT), and other
symbols are defined in the caption of Figure 1. Parameters measured in other works are cited. “Indicates values derived in the present paper.

a dimethylammonium (DMA") cation, (CH;),NH,), B is a
transition metal ion, and X is a ligand that connects the metal
centers (in this case, the HCOO™ anion). Naturally, B-site
substitution modifies the magnetic properties.”"** It is also a
powerful tool for the enhancement of properties like
ferroelectricity.”” The Mn compound has received the most
attention thus far, with its structure consisting of a cage of
metal centers linked by formate ligands with a rotatin

dimethylammonium cation inside the cavity (Figure la).”

Ferroelectricity is induced by cation ordering across T = 185
K,”** and noncollinear antiferromagnetism develops below
Ty = 8.5 K2%**?° The ferroelectric transition mechanism is
interesting. Hydrogen-bond development between the
counterion and the framework drives the material through
the order—disorder transition and into the ferroelectric state
(Figure 1c). Hydrogen-bond lengths through this transition
have been extensively studied with neutron scattering,
revealing direct evidence of the local structure of the hydrogen
bonding from the counterion to the framework and the specific
distortions responsible for the phase transition.”’ Recent
theoretical modeling also shows that the overall polarization
is derived from the dipole moment as well as the tilting angle
of the cations, creating spontaneous polar domains below T¢.**
Another interesting aspect of the phase below T¢ is the
magnetic field-induced enhancement of the polarization,
although there is some debate about the extent of this
magnetoelectric coupling.”* ™" There is a series of transitions
under a magnetic field as well. Magnetization reveals a spin
flop at 0.31 T and a saturation field of 15.3 T."* These energy

scales are schematically summarized in Figure 1d and
quantitatively tabulated in Table 1.

Less is known about the Co and Ni analogs. Data from this
and other work suggest that the general character of the
temperature- and magnetic-field-driven transitions are similar,
although the exact values of T¢, Ty, Bsgp and Bc vary
depending on the identity of the metal center. Table 1
summarizes these values. In [(CH;),NH,]Co(HCOO),, the
magnetic moment also changes across T, suggesting a
modification of the spin state at the ferroelectric transition.
This is not seen in the other analogs.”’ The Co compound also
exhibits glassy magnetism due to magnetic phase coexistence
near Ty = 14.9 K.*>** Detailed vibrational mode assignments
have been proposed for the Ni compound, and dielectric and
magnetization measurements reveal signatures of the tran-
sitions.”%*?

In this work, we bring together high field techniques,
magnetization, and infrared spectroscopy to reveal the
structure—property relations associated with B-site substitution
in the [(CH;),NH,]M(HCOO), family of materials. In
addition to uncovering the magnetic field-temperature phase
diagrams, we unravel the microscopic details of the
mechanisms involved in the development of ferroelectricity
and the fully saturated magnetic state. The Mn and Ni
complexes are overall quite similar, despite their large energy
scale differences, whereas the Co analog displays strikingly
different mechanisms in the development of polarization and
the fully saturated magnetic state. These differences largely
arise from distortions of the CoOg octahedra. Taken together,
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Figure 2. (a—c) Pulsed field magnetization of [(CH;),NH,]M(HCOO), (M = Mn**, Co®", Ni**) up to 65 T at different temperatures. Derivatives
of this data reveal By as shown in the lower insets. Only the Mn compound has a clear saturation field under these conditions."* The Ni and Co
systems are not saturated even at 65 T. (d—f) Magnetic field-temperature phase diagrams developed from the pulsed field magnetization data.
Orange points denote the transition to the fully saturated magnetic state, and pink points indicate the spin flop. The high field phase boundaries for
the Ni and Co compounds are estimated as described in the text. Error bars are on the order of the symbol size. c(AFM = canted antiferromagnet,

and PM = high-temperature paramagnetic state.

these findings reveal that B-site substitution is a powerful tool
for the control of magnetic energy scales and the mechanisms
that underlie ferroelectricity and magnetism.

B MATERIALS AND METHODS

Single and polycrystalline samples of [(CH;),NH,]M(HCOO), (M =
Mn*, Co*, Ni**) were grown by solvothermal techniques™® and
mixed with paraffin or KBr for transmittance in the far and middle
infrared, respectively. Use of a matrix provides for isotropic
compression and allows control of optical density. Grain sizes were
on the order of 10 ym. High field magnetization measurements were
performed on polycrystalline samples at the National High Magnetic
Field Laboratory using the 65 T short-pulse magnet as described
previously."> Controlled temperatures down to 0.4 K were provided
using a *He cryostat. A Quantum Design PPMS was used to
benchmark magnetic moments for each material. A series of Fourier-
transform spectrometers and an open flow cryostat system were
employed for variable-temperature infrared spectroscopy (20—5000
cm™!; 4.2-300 K). Absorption was calculated as

a(w) = —éln(‘]'(a))), where 7(w) is the measured transmittance,

h is the concentration, and d is the thickness. Temperature ramp rates
were on the order of 0.2 K/min. Magneto-infrared measurements
were performed at the National High Magnetic Field Laboratory at
4.2 K using a 35 T resistive magnet. Absorption differences were
calculated as Aa = a(w,B) — a(w,B = 0) in order to emphasize small
changes with magnetic field We quantify effects for particular
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phonons of interest by integrating the absolute value of Aa over a
small energy window and plotting these differences vs applied field.
This procedure gives trends that follow the field-induced frequency
shift, but with a lot less noise.’* Traditional peak fitting techniques
were also employed as appropriate.® Structural relaxations, energies,
and lattice dynamics calculations were performed using densitg
functional theory (DFT) plus the on-site repulsion (U) method®**
as implemented in VASP*®** to reveal mode assignments and
displacement patterns. The on-site and nearest-neighbor repulsion
(V) are set to standard values of 4 and 1 eV for Co, respectively.*’
The electron—ion interactions were treated using the projected
augmented wave method.*"**

B RESULTS AND DISCUSSION

Developing Magnetic Field-Temperature Phase Dia-
grams. Figure 2a—c displays the pulsed field magnetization for
the [(CH;),NH,]M(HCOO); (M = Mn*, Co*, Ni**) family
of materials.”” The Mn system sports a 0.31 T spin flop
transition, and the magnetization rises linearly until it saturates
at 15.3 T." This value of B is consistent with | = 0.64
K;'#%%2° materials with such low magnetic energy scales can be
fully polarized by moderate laboratory fields. The critical field
for saturation is a sharply defined feature in the magnetization
at 0.4 K that broadens as the temperature approaches Ty.
Above Ty = 8.5 K, there is no evidence for the spin flop, and
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Figure 3. (a—c) Close-up views of the formate bending mode (left) and C—N—C stretch (right) for the Mn, Ni, and Co analogs as a function of
temperature. Insets show low frequency modes. (d—f) Frequency vs temperature plots for these features, highlighting the difference in behavior of
the Mn and Ni complexes vs the Co system. T and Ty are indicated by purple vertical lines. The fit to the high-temperature phase data described

in the text represents the behavior of the hypothetical unperturbed phonons below T.

the approach to saturation is much more gradual—both
consequences of fluctuating regions of short-range order as
opposed to the long-range order that occurs at low
temperatures.

The distinctive high field behavior of multiferroic
[(CH;),NH,]Mn(HCOOQ); motivated our extension to the
Co and Ni analogs.'"”'** Just as in [(CH;),NH,]Mn-
(HCOO),, the Ni and Co systems display spin-flop transitions,
but at higher fields of 7.7 and 11.2 T, respectively (insets,
Figure 2b,c). The signature of the spin flop in the Co system is
subtle and is only seen in the magnetization at the lowest
temperatures. We also searched for saturation in the Ni and Co
compounds; however, even 65 T fails to saturate the
magnetization of these materials (Figure 2b,c). Simple metal
site substitution therefore alters the overall energy scales
significantly.

In order to generate magnetic field-temperature phase
diagrams for these materials, we tracked Bgz and, where
teasible, B as a function of temperature. First derivatives, oM/
0B, were used to better highlight the positions of the features
in M(B)." Figure 2d—f summarizes our results. The behavior
of the Mn analog is representative of a classic antiferromagnet,
where magnetic field drives the system across a low-field spin-
flop transition and into the fully saturated magnetic state at
15.3 T.">*® The magnetic field-temperature phase diagrams for
the Ni and Co complexes reveal a similar story albeit with
higher energy scales. The latter is evident in both the size of
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Bg:"” and the fact that 65 T does not saturate the
magnetization. We can estimate the saturation fields for the
Co and Ni compounds by equating the total exchange energies
from Table 1 to the total Zeeman energy via the Hamiltonian
H= —z]ZS,--S]- — gugBc Y S? (z=6,g=2.0,S=1forNiand S
= 3/2 for Co).” We find B. = 125 T and B = 88 T for the Ni
and Co analogs, respectively. Alternatively, we can estimate B
by extrapolating the linear character of M(B) until it reaches
magnetic saturation (defined by guyS) or by extrapolating the
derivative of the magnetization curve down to the magnetic
field axis. The critical fields obtained from this approach are in
reasonable agreement with those estimated above (B y; = 135
T, Bc,co = 90 T), validating the J values displayed in Table 1
and revealing that a spin-only approximation is reliable in these
materials, at least within our error bars. These fields are
significantly higher than the 15.3 T required to saturate the Mn
complex. The energy scales generally follow trends in Ty as
well. We therefore see that while metal substitution does not
alter the overall space group of the material, there are
significant local lattice distortions around the metal centers
that modify superexchange interactions and magnetic energy
scales.*® These site-symmetry differences are discussed below.
Similar energy scale effects can be seen in other materials like
M[N(CN),], (M = Mn, Co).**

Vibrational Properties of This Family of Hybrid
Organic—Inorganic Perovskites Across the Ferroelectric
Transition. The vibrational properties of [(CH,),NH,]Mn-
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Figure 4. (a) Splitting of the formate bending mode vs temperature in the Mn complex, a power law fit to this data, and polarization from ref 29,
along with a corresponding power law fit. (b) Overlay of the formate bending mode splittings in the Mn and Ni complexes, along with their power
law fits and extracted critical exponents. (c) Calculated cooling rate of the C—N—C stretch along with an extended power law fit.

(HCOO); are complex, just like many other molecule-based
multiferroics, and have been the subject of numerous
investigations.””*>*°™>° Group theory predicts 32 infrared-
active modes with both A,, and E, symmetries. Despite the
large number of modes, only a few are useful for revealing
changes at the ferroelectric transition or across the critical
fields.

Figure 3a—c summarizes the behavior of two important
vibrational modes of the [(CH,),NH,]M(HCOO), (M =
Mn*, Co**, Ni**) family of materials. Here, we focus on the
symmetric formate bending mode near 800 cm™ and the
asymmetric C—N—C counterion stretch near 1030 cm™. The
former links the electronic and magnetic ferroicities in the Mn
complex,” whereas the latter is quite sensitive to amine
hydrogen bonding and hysteresis effects. Peak position vs
temperature plots (Figure 3d—f) demonstrate strong sim-
ilarities between the Mn and Ni complexes and, at the same
time, uncover distinct behavior in the Co compound.

Doublet splitting of the formate bending modes across T is
one of the most interesting signatures of the ferroelectric
transition in the Mn'® and Ni analogs. This distortion is due to
the development of two unique N—H:--O hydrogen-bonded
pathways between the counterion and the framework.” At
base temperature, splitting in the Mn (5.7 cm™") and Ni (3.9
cm™") complexes is similar. We fit temperature trends in the
paraelectric state as @ = w, + A(T), where
A(T) = C[l + e"z—l] with x = hw,/2ksT. Here, @, is the
unperturbed phonon frequency at base temperature, 7 is the
reduced Plank’s constant, and kg is Boltzmann’s constant. This
fit quantifies anharmonicity in the high-temperature state, and
by extending it into the ferroelectric phase, we reveal how the
formate bending mode would have behaved in the absence of
the transition. As discussed below, doublet splitting of this
mode acts as an order parameter for the ferroelectric transition
in the Mn and Ni materials.

Figure 4a shows a comparison of the difference in splitting
between the high-frequency branch of the formate mode in the
Mn complex and the anharmonic fit, overlain with polarization
measurements.””>> The critical exponent extracted from a
power-law fit of A(Tc—T)" to the phonon splittings is in
reasonable agreement with a fit to the polarization (v = 0.22 vs
0.18, respectively). For the power law fit to the spectroscopic
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data, the entire temperature range below T was included; no
significant change in the critical exponent was found by varying
the temperature window. We also fit the available temperature
range of the polarization data.”” Here, T was not used as a fit
parameter; this value was taken directly from ref 20. These
values are suggestive of a quasi-two-dimensional system, since
the total critical exponent (v) for a true Ising system is 0.125.>°
A summary of these values is given in Table 2. Figure 4b

Table 2. Comparison of Theoretical®® Critical Exponents v
for the Power Law Fit A(Tc — T)” along with Exponents
Extracted from the Mn and Ni Data”

theoretical v experimental v

mean field 0.5 [(CH;),NH,]Mn(HCOO), 022 + 0.01
vibrational properties

Heisenberg  0.367°°  [(CH,),NH,]Mn(HCOO);, 0.18 + 0.02
polarization

Ising 0.125°°  [(CH,),NH,]Ni(HCOO), 0.34 + 0.03

vibrational properties

“The values suggest that the Mn system is more two-dimensional
(being closer to the predicted Heisenberg and Ising exponents), while
the Ni material is closer to the mean-field, three-dimensional
predictions.

displays the frequency difference between the formate bending
modes and anharmonic fits for the Mn and Ni compounds.
Both axes are normalized for the purpose of comparison since
T¢ and splitting values vary with transition-metal identity. A
power law analysis reveals that while the extracted critical
exponent in the Mn complex is v = 0.22 + 0.01, the model fit
for the Ni compound produces a value of v = 0.34 + 0.03,
which is larger and much closer to mean field behavior, where
v is 0.5.°%°” The larger exponent is also indicative of a more
gradual transition into the polarized state, clear from visual
examination of the data, supported too by the less complete
splitting pattern in Figure 3b. B-site substitution thus reveals
that although the structural and vibrational properties of the
Mn and Ni complexes are nearly identical, the dimensionality
of the ferroelectric phase transition develops differently and is
somewhat more three-dimensional in the Ni compound.

In order to compare the behavior of the framework across
T against that of the counterion, we analyze the C—N—C
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Figure 5. (a—c) Absolute absorption spectra at 0 and 35 T for the [(CH,),NH,]M(HCOO), materials along with waterfall plots of the absorption
difference at 4.2 K highlighting spectral changes in applied magnetic field. The Mn system sports field-induced changes in the formate bending
mode, whereas the symmetric O—C—O stretch is important for the Co compound. The Ni analog displays no field-dependent vibrational modes up
to 35 T. (d—f) Absolute value of the absorption difference integrated over a small energy window vs magnetic field along with the 4 K
magnetization and the square of the magnetization. Error bars are indicated.

stretch (Figure 4c). It is well-known that the ferroelectric
transition in [(CH;),NH,]Mn(HCOO); can have a strong
hysteresis. The size of the hysteresis loop is reduced with
decreasing cooling rate; it collapses upon extrapolation to
extremely low cooling rates.” An extended power law fit of
A(1 = (T/T¢)")* reveals unrealistically high values of y and a,
signifying that the counterion transition is rigid and abrupt.
This is evidenced by the extremely sharp step in the data
(Figure 4c). Although this fit is the same form as the regular
power law, the additional exponent provides extra fitting
flexibility. It turns out that this makes no difference because the
fit does not converge. This behavior is consistent with
(CH;),NH, catching slightly (due to hydrogen bonding) at
T, distorting the structure, but then continuing to tumble
within the formate framework until about 10 K below the
transition temperature.”*” At this point, the counterion finally
locks into position and the material becomes completely
ordered.***” Thus, the kinetics of the counterion rotation in
[(CH;),NH,Mn(HCOO)j, cause the transition to be slow to
relax. The delayed reaction of the amine also explains why the
hysteresis curves are not centered around T.

The vibrational response of [(CH,;),NH,]Co(HCOO), is
remarkably distinct. At room temperature, three peaks are
apparent in the vicinity of the formate bend. They become
increasingly resolved with decreasing temperature. A plot of
peak position vs temperature reveals that these features behave

anharmonically and are completely insensitive to the develop-
ment of ferroelectric polarization at T = 165 K (Figure 3f).
This is surprising because splitting of the formate bending
mode is an essential aspect of the ferroelectric transition
mechanism in the Mn and Ni complexes. Where two peaks in
the Mn and Ni compounds develop due to differences in
hydrogen bonds from the counterion to the framework, the
drive toward counterion locking is less obvious in the Co
complex. We propose that this difference has its origins in
slight distortions of the CoOg octahedra. This supposition is
supported by our lattice dynamics calculations which predict
six branches to the mode pattern. As with most materials,
decreasing temperature sharpens modes by reducing line width
(Figure 3c). In [(CH,),NH,]Co(HCOO),, three peaks
become more resolved from the broad band with decreasing
temperature. Six individual peaks are, however, not resolved
due to energetic degeneracies. Although we did not notice any
critical slowing down behavior, the inactivity of the framework
through T in the Co complex is consistent with glassy
character and may correlate with glassy magnetism below Ty.”
Finally, we point out that despite the change in spin state
across T, neither the formate bending nor stretching modes
engage in magneto-elastic coupling.

Figure 3d—f summarizes C—N—C counterion stretching
mode behavior, which has clear features at the ferroelectric
transition in all materials. In the Mn and Ni complexes, the
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distortion appears as a broadened step, with the mode shifting
suddenly to higher frequencies with decreasing temperature.
For the same temperature—time gradient, the hysteresis loop in
the Ni analog is much larger (30 K) than that in the Mn case
(3 K), revealing differences in ordering speeds of the DMA®*
cation. By contrast, the C—N—C stretching mode in
[(CH;),NH,]Co(HCOO); displays a small cusp at T and
softens upon entry into the ferroelectric state (Figure 3f). The
transition does not appear to have a strong hysteresis. This
mechanistic difference derives from slightly distorted CoOgq
octahedra in the room-temperature structure. In
[(CH;),NH,]Co(HCOO);, the amino group locks into
place quickly because the framework is already distorted, and
therefore no additional distortion through T is required. Only
the rotating counterion is important. In the Mn and Ni
materials, the ferroelectric transition mechanism is a
cooperative effort between the counterion and the framework,
where the DMA" cation waits for the framework to become
completely distorted before fully ordering.

Magnetoelastic Coupling and the Metal Center.
Figure S summarizes the magneto-infrared response of our
three materials of interest. As previously demonstrated,
magnetoelastic coupling in [(CH;),NH,]Mn(HCOO); in-
volves the Mn—O—C—O—Mn superexchange pathway.”’
Evidence for this conclusion is recapped in Figure Sad,
where the —O—C—O formate bending mode displays a
derivative-like shape in Aa. This is the only phonon that is
sensitive to applied field. In order to demonstrate how the
magneto-infrared response correlates with the spin pattern, we
plot the square of the magnetization,”” [M(B)]% and the
integral of the absolute value of the absorption difference over
an appropriate energy window (/IAaldw) vs magnetic field.
Distortions of the formate bending mode develop with
increasing field and saturate at 15.3 T, tracking [M(B)]* very
well. We had anticipated that similar local lattice distortions
would accompany the approach to the fully polarized magnetic
transitions in the Ni and Co analogs since the mechanism for a
cAFM — Bg: — fully polarized state within this family of
materials seems to be characteristic. We instead find substantial
variations in this picture.

Figure Sb displays a close-up view of the magneto-infrared
response of [(CH,),NH,]Ni(HCOO); at 0 and 35 T in the
vicinity of the formate bending and stretching modes. The full
field absorption difference spectra [Aa = a(w,B) — a(w,B =
0)] is shown in green. The absorption difference spectra is
nearly flat; in other words, there is an immeasurable difference
caused by 35 T. Moreover, the full infrared spectrum was
measured, and no other modes were active in field. This
finding can be understood from how the B—T phase diagrams
change with B-site substitution. Specifically, the Ni centers
introduce a much higher energy scale than in the Mn complex
(Bc = 125 T vs 15.3 T). Since the Mn and Ni behave so
similarly through T, it is likely that the formate bending mode
plays a role in the approach to magnetic saturation. This trend
is not observed because an increase in magnetic energy by a
factor of eight (compared to the Mn analog) is outside of our
sensitivity. The overall larger energy scale in [(CH,),NH,]-
Ni(HCOO)j, is also apparent in the spin flop fields (Bgz = 7.7
T vs 0.31 T).

The magneto-infrared response of [(CH;),NH,]Co-
(HCOO), is shown in Figure Sc. Rather than field-induced
changes in the formate bending mode, the absorption
difference spectrum (Aa) highlights an entirely different set

of features. A« reveals that the 1358, 1374, and 1379 cm™
cluster is sensitive to magnetic field, whereas the peak at 1398
cm™ is rigid. Our lattice dynamics calculations predict that the
field-responsive features at 1358, 1374, and 1379 cm™! are
branches of the HCOO™ stretch. We therefore assign these
structures as formate stretching modes. Our calculations reveal
that the 1379 cm™' feature is different. Instead of being a
formate stretch, this peak is due to a counterion vibration, in
agreement with the work in ref 24. Counterion modes in other
materials are also well localized and insensitive to magnetic
field>® Although full magnetic saturation is not attained
(because B gheor, = 88 T and magneto-infrared spectroscopy at
the National High Magnetic Field Laboratory is carried out
with 35 T resistive magnets at this time), we find that f [Aaldw
over the combined energy window tracks [M(B)]* very well
(Figure Sf). Since these are the only modes sensitive to applied
field, it is reasonable to anticipate that the distortions will cease
at B¢ and that the formate stretching modes are involved in the
mechanisms resulting in eventual magnetic saturation. Even
though the saturation field is high, field-induced spectral
differences are apparent in this case because stretching modes
have larger oscillator strength than bending modes, giving
enhanced sensitivity compared to the Ni analog. In any case,
the magnetically driven transition in [(CH,),NH,]Co-
(HCOO), still relies upon formate distortions, a natural
consequence of the superexchange ligand linking the metal
centers.

B CONCLUSION

To summarize, we combined magnetization, magneto-infrared
spectroscopy, and lattice dynamics calculations to unveil the
magnetic field-temperature phase diagrams in multiferroic
[(CH,),NH,]M(HCOO); (M = Mn*, Co**, Ni*"). Although
the magnetic saturation field of the Mn analog is
experimentally realizable at 15.3 T, much higher fields are
required to saturate the Ni and Co complexes. Both the
magnetization data to 65 T and knowledge of the exchange
energies suggest that these values are around 125 and 88 T,
respectively. Analysis of the infrared spectrum of the Mn and
Ni compounds across T reveals doublet splitting of the
formate bending mode. This local lattice distortion is an order
parameter of the ferroelectric transition. Interestingly, a power
law fit shows that the dimensionality of these analogs develops
differently through T, with [(CH,),NH,]Ni(HCOO); being
much more mean field like than [(CH;),NH,]Mn(HCOO),
as evidenced by the value of the critical exponent. By contrast,
[(CH;),NH,]Co(HCOO); reveals a surprising framework
rigidity across the order—disorder transition due to modest
distortions around the Co®" centers. We therefore conclude
that the transition to the ferroelectric state is driven solely by
counterion freezing and the consequent hydrogen bonding.
Under applied field in the Mn (and most likely, the Ni)
compounds, the formate bending mode is involved in the
transition to the fully saturated magnetic states, whereas the
Co complex adopts a different mechanism involving formate
stretching distortions. B-site substitution is thus a powerful
tool for the development of structure—property relations
within chemically analogous materials, providing control of
electronic and magnetic properties as well as energy scales,
without altering the overall architecture.
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