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ABSTRACT: We combined synchrotron-based infrared absorb-
ance and Raman scattering spectroscopies with diamond anvil cell
techniques and a symmetry analysis to explore the properties of
multiferroic (NH4)2FeCl5·H2O under extreme pressure−temper-
ature conditions. Compression-induced splitting of the Fe−Cl
stretching, Cl−Fe−Cl and Cl−Fe−O bending, and NH4

+ librational
modes defines two structural phase transitions, and a group−

subgroup analysis reveals space group sequences that vary
depending upon proximity to the unexpectedly wide order−
disorder transition. We bring these findings together with prior
high-field work to develop the pressure−temperature−magnetic
field phase diagram uncovering competing polar, chiral, and
magnetic phases in this system.

■ INTRODUCTION

Multiferroics are fascinating materials where ferroelectric and
magnetic orders coexist, and spatial inversion and time-reversal
symmetries are simultaneously broken.1−14 Although challeng-
ing to realize, they o/er foundational opportunities to
investigate coupling across broad energy and time scales.
These materials also hold promise for ultralow power memory
and logic devices�if coupling is strong enough.15−23

(NH4)2[FeCl5·(H2O)] is the multiferroic member of the
A2[BX5·(H2O)] family of erythrosiderites (A = K+, Rb+, NH4

+;
B = Fe3+, Mn3+, Co3+; X = Cl−, Br−, H2O). In this system, the
[FeCl5(H2O)]2− groups are arranged in a herringbone-like
pattern along the b-axis (Figure 1a). The overall structure is
governed by an extensive network of intermolecular hydrogen
and halogen bonding that holds the crystal together.24−29

Ammonium fills the anion pocket and balances the charge.
This system is magnetically complex with five unique but
nearly iso-energetic exchange pathways (J1−5) associated with
various OH···Cl, NH···Cl, and Cl···Cl interactions.24−26,28−30

(NH4)2[FeCl5·(H2O)] displays a series of temperature-
driven transitions including an order−disorder transition at 79
K,31,32 antiferromagnetic ordering of the S = 5/2 Fe3+ centers
below TN = 7.25 K that creates collinear sinusoidal spin
waves,24,29 and ferroelectricity below TC = 6.9 K that arises due
to the development of an incommensurate-cycloidal spin state
that coexists (and competes) with a commensurate distorted
cycloidal phase.29,33−35 Since magnetic ordering triggers
ferroelectricity, (NH4)2[FeCl5·(H2O)] is a Type II system.4

Multiferroicity in this regime arises from an inverse
Dzyaloshinskii−Moriya mechanism in which the spin cycloid
creates an electric polarization that breaks inversion

symmetry.10,36 Modeling of inelastic neutron scattering reveals
that J2 and J4 are responsible for the cycloidal character of the
spin waves.35,37

Under magnetic field, (NH4)2[FeCl5·(H2O)] undergoes a
series of frustration-induced reorientations leading to a spin
flop at 5 T.29,38,39 Several high-field spin reorientations take
place before the transition to the fully saturated magnetic state
at HSat = 30 T (Figure 1).38 Spin density calculations reveal
how intermolecular interactions support magnetic exchange as
well as changes in these pathways across the transition to the
fully saturated state.38 Electric polarization is similar to the
magnetic response with a series of low-field polarization flops
(from a to a′ to c) across the spin flop transition29,37,39 above
which it grows linearly with increasing field,37,40 reaching a
maximum near 24 T before plunging to zero as the inversion
center is lost near 27 T�consistent with expectations for a
Type II multiferroic.4,40 Multiferroicity in the commensurate
quasi-collinear state above 5 T is described by the spin-
dependent p−d hybridization model,36 and recent work to 60
T shows that the system continues to display an orbital
hybridization mechanism.37,40 Therefore, (NH4)2FeCl5·H2O
hosts two distinct magnetoelectric coupling mechanisms rather
than a single overarching model. To the best of our knowledge,
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a magnetic field-dependent coupling mechanism has not been
observed in any other multiferroic.
What di/erentiates (NH4)2[FeCl5·(H2O)] from other

multiferroics such as [(CH3)2NH2] Mn(HCOO)3
41 and the

Ni analogue42 is the fully molecular character of our target
system, the fact that amine ordering does not immediately
trigger ferroelectricity, and the manner in which intermolecular
hydrogen and halogen bonding (rather than superexchange
ligands) support magnetic interactions. As a result,
(NH4)2[FeCl5·(H2O)] hosts exotic noncollinear magnetic
states, a complex magnetic field−temperature phase diagram,
and two di/erent types of magnetoelectric coupling mecha-
nisms in magnetic field as described above. Interestingly,
metal−organic framework materials such as [(CH3)2NH2]-
Mn(HCOO)3 and the Ni analogue sport pressure-driven polar
phases at room temperature.41,42 This capability is probably
connected with their soft, flexible lattices. Whether a pressure-
induced polar phase is accessible in (NH4)2[FeCl5·(H2O)] is
an open question.
Inspired by the complex spin-charge interactions and the

unique states of matter under a magnetic field, we combined

synchrotron-based infrared absorbance and Raman scattering
spectroscopies with diamond anvil cell techniques to reveal the
properties of multiferroic (NH4)2[FeCl5·(H2O)] under ex-
treme pressure−temperature conditions. We analyze the
splitting pattern of the Fe−Cl stretching mode as well as
trends in the Cl−Fe−Cl and Cl−FeO bending modes and
NH4

+ librations to uncover the critical pressures. Group−

subgroup relationships allow us to unravel the symmetry
progressions in both the high- and low-temperature phases. We
bring these findings together with prior high-field data29,38 to
develop the pressure−temperature−magnetic field (P−T−H)
phase diagram. By so doing, we untangle the relationships
between di/erent phases and reveal precisely how the polar
space groups emerge under compression.

■ METHODS

(NH4)2FeCl5·H2O single crystals were grown by solution techniques
as described previously.29,33 The samples were loaded into diamond
anvil cells equipped with either type IIa or low fluorescence diamonds.
The culets ranged in size from 500 to 600 μm, and the gasket hole size
was approximately 200 μm. We employed di/erent pressure media
depending upon the measurement: vacuum grease or KBr for infrared

Figure 1. (a) Crystal structure of (NH4)2FeCl5·H2O at 300 K showing the five di/erent magnetic exchange interactions (J1−5). The latter are
represented with colored dashed lines and are formed by intermolecular hydrogen and halogen bonding. The [FeCl5·H2O]2− clusters create a
herringbone-like chain down the b-axis with NH4

+ ions in symmetrically equivalent positions to balance charge. (b) Schematic representation of the
diamond anvil cell used for high-pressure vibrational spectroscopy. (c) Schematic summarizing the temperature-, magnetic field-, and pressure-
induced transitions uncovered in this system thus far.

Figure 2. Close-up view of the Raman scattering response of (NH4)2FeCl5·H2O as a function of pressure at 300 K for (a) NH4 librations and the
Cl−Fe−Cl and Cl−Fe−O bending modes as well as (c) Fe−Cl stretching and Fe−O stretching modes. Splitting of the Fe−Cl stretch is an
excellent signature of the 4 GPa structural phase transition (PC,1). The arrows guide the eye. (b, d) Frequency vs pressure data for these data.
Dotted lines guide the eye in panel (b). Error bars are on the order of the symbol size.
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measurements and neat for Raman scattering. An annealed ruby ball
was loaded into the cell with the sample and pressure medium, and
the position of the R1 fluorescence was used to determine
pressure.43,44 In our case, the ruby lines remained sharp and well
separated at all temperatures (Figure S1, Supporting Information)
consistent with a quasi-hydrostatic environment.

High-pressure spectroscopic work was carried out at beamline 22-
IR-1 at the National Synchrotron Light Source II, Brookhaven
National Laboratory. Accelerator-based infrared spectra were
collected using a Bruker 80v Fourier transform infrared spectrometer
equipped with a liquid helium-cooled bolometer. These measure-
ments covered the 50−8000 cm−1 range with 4 cm−1 resolution.
Raman scattering measurements were performed between 40 and 650
cm−1 using both a 532 nm diode-pumped solid-state laser and a 646
nm red laser. We used <1 mW power, a 1200 g/mm grating, and a
liquid nitrogen-cooled CCD detector. Each scan employed 60−90 s
integration times, averaging as appropriate. We increased the pressure
in small steps between 0 and approximately 15 GPa for room
temperature work. For measurements under extreme pressure−
temperature conditions, we loaded the diamond anvil cell into a
custom-designed open-flow helium cryostat. Pressure was increased in
situ from 0 to 10 GPa at each temperature of interest (from 300 K
down to 35 K). Pressure was fully released after each temperature−
pressure cycle, although because the system is not reversible, a fresh
crystal was loaded for each measurement.

To complement this work, we performed variable temperature
Raman scattering measurements under ambient pressure conditions
using a Horiba Jobin-Yvon T64000 Raman spectrometer (25−500
cm−1). This system was equipped with a 50× objective, 1800 g/mm
grating, and a 532 nm laser. Laser power was kept below 1 mW to
avoid sample damage. An open-flow helium cryostat provided
temperature control. Standard peak fitting procedures were employed
as appropriate.45

■ RESULTS AND DISCUSSION

Vibrational Response of (NH4)2FeCl5·H2O at Room
Temperature. Figure 2 displays the Raman scattering
response of (NH4)2FeCl5·H2O under compression at 300 K.
The ambient pressure spectrum agrees well with prior results
in terms of various peak positions and intensities,46−48

although the high-pressure regime is completely unexplored.
Our analysis focuses primarily on the NH4

+ librations, the Cl−
Fe−Cl and O−Fe−Cl bends, and the Fe−Cl and Fe−OH2

stretches. These features are assigned using first-principles
lattice dynamics calculations, K2FeCl5·H2O analogue data,

neutron scattering results, and literature data showing typical
librations of H2O and NH4

+.49−53 Our assignments are
summarized in the Supporting Information (Table S1).
The frequency vs pressure trends in Figure 2b,d reveal the

local lattice distortions and associated critical pressures. As
always, we use peak appearances or disappearances, splittings
or recombinations, and slope changes to identify critical
pressures. The Fe−Cl stretching mode near 300 cm−1 is a good
example. This feature begins as a single peak, forms a small
shoulder immediately below 4 GPa, and becomes a clear
doublet above 4 GPa. Splitting of the Fe−Cl stretching mode
signals the development of a distorted Fe environment in the
[FeCl5·H2O]2− polyhedra involving the chloride ligands, which
changes the space group from Pnma29,31 to one of lower
symmetry. We use this doublet splitting to define a critical
pressure (PC1) of 4 GPa at 300 K. The Fe−OH2 stretching
mode near 350 cm−1 is di/erent. It does not split across PC1.
Instead, it hardens systematically under compression. The Cl−
Fe−Cl and O−Fe−Cl bending modes as well as the NH4

+

librations also harden systematically under pressure at room
temperature with no evidence for symmetry changes up to 15
GPa.
For completeness, we also measured the synchroton-based

infrared absorbance under compression (Figure 3). The
ambient pressure spectrum of (NH4)2FeCl5·H2O at 300 K is
in excellent agreement with earlier studies,48,54,55 although
again the high pressure response is completely unexplored. Our
mode assignments are summarized in the Supporting
Information (Table S2). The features of interest include the
low-frequency libration modes, Fe−Cl stretch, H2O-containing
motions (stretching, rocking, wagging, and bending), and the
NH4

+ bending modes. In the infrared, the Fe−Cl stretching
vibration does not split with increasing pressure as in the
Raman scattering response. (This is because symmetry is odd
rather than even.) Instead, the peak position increases
systematically under compression, in line with the behavior
of the Fe−OH2 stretch. The opposite is seen for the H2O and
NH4

+ bending modes; compression causes mode softening.
This trend is consistent with improved hydrogen bonding or a
change in orientation as seen in C2H6N4O2 and
NH2SO2NH2.

56,57 In this case, mode softening provides direct
microscopic proof of enhanced hydrogen and halogen

Figure 3. Close-up view of the infrared absorbance of (NH4)2FeCl5·H2O as a function of pressure at 300 K for (a) low-frequency libration modes
and the Fe−Cl stretch, (c) H2O-containing modes, and (e) NH4 and H2O bending modes. (b, d, f) Frequency vs pressure trends for these regions.
Closed and open symbols in the frequency vs pressure plots are from two independent runs.
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bonding. Stronger intermolecular bonding will enhance the
associated superexchange pathways (Fe−O−H···Cl−Fe, Fe−
Cl···Cl−Fe, and Fe−Cl···O−Fe linkages).
In the remainder of this work, we focus on the Raman

scattering response of (NH4)2FeCl5·H2O under compression
because the Fe−Cl stretching mode shows the development of
a clear doublet across PC1 = 4 GPa. This makes the position of
the structural phase transition very easy to identify.

(NH4)2FeCl5·H2O across the 79 K Order−Disorder
Transition. Although the room temperature Pnma space
group is well-known,31,54 the crystal structure of (NH4)2FeCl5·
H2O below the order−disorder transition has been challenging
to resolve. Rodriguez et al. and Brüning et al. independently
studied the structure across the order−disorder temperature,
although there are still a number of inconsistencies.31,52

Depending on the measurement, crystal symmetries of either
Pnma or P1121/a were identified at 45 and 50 K, respectively.
Even at 2 K, the system was reported to host P1121/a
symmetry.31 Importantly, the authors did not perform
additional systematic measurements between 50 and 2 K.
P1121/a also contains a center of inversion. We can draw two
main conclusions based upon prior X-ray data: (i) P1121/a is
at least consistent with the properties of (NH4)2FeCl5·H2O
above TFE = 6.9 K since the material has no polarization at
these temperatures, and (ii) the P1121/a space group can not
be valid below the ferroelectric transition because the
development of a polar state requires loss of the inversion
center. Additional information is available to help resolve this
problem. Recent specific heat and polarization measurements
carried out on mixed erythrosiderite [(NH4)(1−x)Kx]2FeCl5·
H2O reveal (i) that TO/D is related to the ordering of the
ammonium ion and (ii) there is no measurable polarization in
the pure compound across the order−disorder temperature.52

It is therefore evident that symmetry is reduced from Pnma →

P1121/a across the order−disorder transition, although the
space group of (NH4)2FeCl5·H2O below the magnetic and

ferroelectric transitions remains unknown. Of course, it must
be a polar subgroup of P1121/a.
Vibrational spectroscopy can help uncover the low-temper-

ature space group. Figure 4 displays the Raman scattering
response of (NH4)2FeCl5·H2O as a function of temperature. In
the high-temperature phase, frequency vs temperature trends
are simple with standard anharmonic hardening with
decreasing temperature. Distinct spectral changes begin to
appear across the order−disorder transition (TO/D = 79 K),
although a detailed fine structure develops fully only below 50
K. This creates a broad dynamic temperature range between 79
and approximately 50 K over which the free ammonium ion
and water ligand order, triggering the development of
additional hydrogen bonding interactions. Since these low-
frequency modes are associated with NH4

+ librations and Cl−
Fe−Cl + Cl−Fe−O bending motions, peak splitting signifies a
lower symmetry space group. These low-frequency features
could also contain ferroelectric modes below 6.9 K, but careful
examination reveals no obvious candidates (Figure S6). This
makes sense because polar modes have odd rather than even
symmetry and are infrared-active. We emphasize that the
Raman-active Fe−Cl stretching mode does not split with
decreasing temperature. This observation indicates that the
symmetry and space group of (NH4)2FeCl5·H2O in the low-
temperature phase does not resemble that above PC1 = 4 GPa
(Figure 2). A full set of frequency vs temperature plots can be
found in the Supporting Information (Figure S5).

Tracking the Fe−Cl Stretching Mode as a Function of
Pressure and Temperature. Figure 5 summarizes the
Raman scattering response of the Fe−Cl stretching mode as
a function of pressure at a few di/erent temperatures above
and below the 79 K order−disorder transition. Spectra
collected at 250 K are very similar to those at room
temperature; the Fe−Cl feature splits into a strong doublet
with increasing pressure across PC1. The behavior changes as
temperature drops. At 150 K, the Fe−Cl stretching mode

Figure 4. Variable temperature Raman scattering response of (NH4)2FeCl5·H2O across the order−disorder transition highlighting the (a) low-
frequency NH4 librations, the Cl−Fe−Cl and Cl−Fe−O bending modes, and (b) Fe−Cl and Fe−O stretching modes. (c) Frequency vs
temperature plot emphasizing changes across TO/D = 79 K. Ordering of the ammonium ion begins at 79 K and continues until approximately 50 K,
creating a wide dynamic range for the ordering process. These data were collected at ambient pressure.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.4c00403
Inorg. Chem. 2024, 63, 11021−11029

11024

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c00403/suppl_file/ic4c00403_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c00403/suppl_file/ic4c00403_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c00403?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c00403?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c00403?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c00403?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c00403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reveals triplet character under compression, and two critical
pressures are observed (Figure 5b,e). We find PC1 = 3.7 GPa
and PC2 = 7.5 GPa. Below TO/D, both PC1 and PC2 decrease
significantly�a direct result of NH4

+ ordering. Additional low-
frequency features also arise, similar to those found in the low-
temperature Raman scattering response of (NH4)2FeCl5·H2O
at ambient pressure (Figure 4). However, when pressure is
applied, symmetry is reduced, and a new space group develops.
The Fe−Cl linkages are directly associated with the symmetry
of the Fe polyhedron, the various exchange pathways, and
hydrogen bonding to neighboring ammonia ions. Changes in
the Fe−Cl stretching mode demonstrate that compression
drives (NH4)2FeCl5·H2O into two completely new phases.
Both symmetry reduction sequences will be discussed below.

Symmetry Analysis of the High-Pressure Phases in
(NH4)2FeCl5·H2O. (NH4)2[FeCl5·(H2O)] undergoes a series
of pressure-driven symmetry progressions that depend upon
proximity to the unexpectedly broad 79 K order−disorder

transition (Figure 5). This creates two separate cases for us to
examine: (i) the progression in the high-temperature phase
beginning with Pnma and (ii) the progression in the low-
temperature phase starting with P1121/a. In each case,
(NH4)2[FeCl5·(H2O)] is driven through two critical pressures
although to completely di/erent high-pressure space groups.
Figure 6 displays the subgroup tree that we will use to

analyze the pressure-driven symmetry progressions.58−60 The
subgroup tree of Pnma is complex; however, it is much smaller
and simpler for P1121/a. We therefore elect to solve the low-
temperature phase symmetry progression first. As a reminder,
decreasing temperature across the order−disorder transition
reduces the space group from Pnma → P1121/a, and the
system loses symmetry in the form of (i) a 2-fold screw axis
with the inversion center, (ii) a mirror plane, and (iii) a
diagonal glide. This process is indicated with the purple arrow
in Figure 6. The low-temperature P1121/a phase undergoes
two transitions that reflect how the Fe−Cl stretching, Cl−Fe−

Figure 5. Close-up view of the Raman-active Fe−Cl and Fe−OH2 stretching modes as a function of pressure. (a, b) Spectra taken above the
order−disorder temperature at 250 and 150 K and (d, e) their corresponding frequency vs pressure plots. (c, f) Raman spectra collected at 65 K
and the corresponding frequency vs pressure trends. The latter is below the 79 K order−disorder transition.
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Cl + Cl−Fe−O bending, and NH4
+ librational modes break

symmetry under compression. These pressure-induced dis-
tortions are along the herringbone-like chains in
(NH4)2[FeCl5·(H2O)]. This creates a distortion along the
chains that breaks the 2-fold screw axis and axial glide while
maintaining the inversion center (P1121/a → P1̅) as evidenced
by the splitting of the Fe−Cl stretch (Figures 2 and 5) and the
Cl−Fe−Cl and Cl−Fe−O bending modes (Figure S7). The

only space group in Figure 6 with symmetry lower than P1̅ is

P1, so the logical space group candidate above the second

critical pressure is P1. This critical pressure marks the point

where the Fe−Cl stretching mode displays triplet character and

the Fe-containing bending modes split for a second time.

These fine structures indicate that the Fe polyhedron is highly

distorted, and the center of inversion is lost. Thus, the low-

Figure 6. Schematic representation of the symmetry tree for (NH4)2FeCl5·H2O. Here, Pnma is the high-temperature space group. P1121/a, which
is a nonstandard subset of P21/c, is the low-temperature space group. The high- to low-temperature phase transition is indicated by the purple
arrow. Both can be driven to lower symmetry with pressure. Their sequential pathways are highlighted in red and blue, respectively.

Figure 7. P−T−H phase diagram of multiferroic (NH4)2FeCl5·H2O. The space groups are labeled. Extrapolating PC,2 to room temperature, we
expect to find the polar + chiral P21 phase just above 15 GPa. As shown by the gray bars, ∂TO/D/∂P is slightly positive as discussed in the
Supporting Information. The gray areas on the phase diagram are inaccessible in our experiments.
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temperature space group sequence goes as P1121/a → P1̅ →

P1. Note that P1 is a polar space group.
The situation is more complex above the order−disorder

transition. It can be resolved using our knowledge of the space
group progression in the low-temperature phase and
comparing it with spectra in the di/erent phases to assess a
match (or not). The high-temperature pathway begins at Pnma
and can include a number of lower symmetry space group
candidates including Pmc21, Pna21, Pmn21, P21/m, P21/c
(standard setting), P21/c (nonstandard setting), or P212121.
Our understanding of the relationships between the low-
temperature space groups is useful for eliminating some
candidates. Above the order−disorder transition, we know that
Pnma is driven to an unknown space group. If this unknown
space group is lowered in temperature across TO/D, it should
transform to P1̅�which resides at low temperature and high
pressure. Thus, Pnma must be driven to a space group that can
also lower symmetry to the P1̅ phase. This eliminates
numerous candidates and leaves P21/m, P21/c, and P21/c.
Additionally, the high-pressure spectra above TO/D do not
resemble those in the low-temperature space group, which
eliminates both standard and nonstandard P21/c candidates.
This leaves P21/m as the only remaining space group, so the
symmetry lowers as Pnma → P21/m, implying that (i) a 2-fold
screw axis, (ii) a diagonal glide, and (iii) an axial glide are lost.
The last remaining transition is associated with Pm, P21, or P1̅.
Again, P1̅ is easily eliminated because this phase does not
resemble the low-temperature spectra that have already been
assigned to P1̅. The remaining two space groups are
distinguished by whether a mirror plane or a 2-fold screw
axis remains under pressure. However, the transition from
P21/m → Pm would require the mirror plane to shift its
location within the unit cell and is less likely to occur. If a
mirror plane was repositioned, we would expect additional low-
frequency features to arise. This is not the case, as evidenced
by the data in Figure 2. We therefore conclude that Pm is not
the correct high-pressure space group either. This leaves only
P21. Thus, the room temperature space group progression
likely goes as Pnma → P21/m → P21 under compression.
Again P21 is a polar space group. It is also chiral.

Developing the Phase Diagram of (NH4)2[FeCl5·

(H2O)]. Figure 7 displays the pressure−temperature (P−T)
phase diagram of (NH4)2FeCl5·H2O created from our
spectroscopic data. There are numerous phase boundaries
both above and below the 79 K order−disorder transition.
Focusing first on the high-temperature properties, we see that
PC1 defines the Pnma → P21/m transition. These space groups
are indicated on the phase diagram. PC2 is not observed at
room temperature�at least not below 15 GPa�although it
does appear as temperature decreases. PC1 remains near 4 GPa
as the temperature drops, shifting downward on the approach
to the order−disorder transition. This phase boundary
continues to shift to lower pressure below TO/D, forming a
nexus of activity between 79 and 50 K that eventually quenches
PC1, both explaining the complexity of our variable temperature
spectroscopic results (Figure 4) and making the crystal
structure challenging to resolve.31,54 Below TO/D, the space
group sequence is P1121/a → P1̅ → P1. The P21/m and P1̅
phases, indicated in light and dark green, narrow significantly
as temperature decreases. The high-pressure phases (P21 and
P1) are polar both above and below TO/D; P21 is also chiral. At
the present time, it is not known whether polarization is
switchable (ferroelectric) or not (pyroelectric). It is also not

known how TN and TC evolve under compression. Given the
crucial role of the Fe−Cl stretch, Cl−Fe−Fl and O−Fe−Cl
bends, and NH4

+ librational modes in the series of structural
phase transitions, we hypothesize that similar interactions will
impact the magnetic exchange pathways and the development
of low-temperature polarization.
Bringing these results together with prior high field

magnetization,29,38 we can develop the pressure−temper-
ature−magnetic field (P−T−H) phase diagram of
(NH4)2FeCl5·H2O (Figure 7). Looking at the T−H plane,
we find the spin flop, a transition to the fully saturated spin
state, and various additional reorientational transitions
associated with the di/erent magnetic exchange interac-
tions.29,38 We therefore see that both field- and pressure-
induced transitions involve the Fe−O and Fe−Cl bonds but in
di/erent ways. These ultralow symmetry phases are accessible
with experimentally realizable pressures and magnetic fields,
both of which deliver deterministic property control.

■ SUMMARY

The molecular multiferroic (NH4)2[FeCl5·(H2O)] hosts an
extensive network of hydrogen and halogen bonds, two
independent magnetoelectric coupling mechanisms, and a
complex hierarchy of competing phases�characteristics that
distinguish it from more well-studied counterparts such as the
metal−organic frameworks. While [(CH3)2NH2]Mn-
(HCOO)3 and the Ni analogue have been explored under
pressure,41,42 there have been no comprehensive studies of
how pressure leads to the development of new states of matter
in multiferroics where the crystals are held together by
intermolecular hydrogen and halogen bonds. To address these
questions, we combined synchrotron-based infrared absorb-
ance and Raman scattering spectroscopies with diamond anvil
cell techniques to investigate the high-pressure properties of
this unusual material. Our primary findings include (i)
revealing a set of pressure-driven structural distortions and
(ii) teasing out the symmetry progression under compression
in the high- and low-temperature phases. The aforementioned
symmetry analysis made use of the displacement patterns from
our lattice dynamics calculations as well as Landau theory of
group−subgroup relations for phase transitions. This strategy
works because the irreducible representations of a space group
are unique characteristics of that space group. Bringing our
spectroscopic results together, we generate the pressure−
temperature−magnetic field phase diagram for multiferroic
(NH4)2FeCl5

.H2O. In addition to untangling the relationships
between competing phases, symmetry arguments suggest that
the high-pressure phases are polar�irrespective of proximity
to the 79 K order−disorder transition. We therefore see that
pressurizing a soft material can foster ferroelectricity in
unexpected parts of P−T space and, at the same time, promote
enhanced polarization under compression.61 Whether other
molecular multiferroics host easily accessible high-pressure
polar phases is an open question that merits further
investigation.
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Ruby fluorescence spectra as a function of temperature
and pressure revealing quasi-hydrostatic conditions,
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summary of vibrational mode assignments including
symmetries, example of how critical pressures are
determined, complete summary of the variable temper-
ature Raman scattering results, complete summary of the
synchrotron infrared absorbance as a function of
pressure, close-up view of the Raman scattering response
above and below the ferroelectric transition, and
summary of our complementary Raman work using a
red (rather than green) laser (PDF)
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