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Abstract

We report a neutron diffraction study of the multiferroic mechanism in (NDy)oFeCl;-D2O, a
molecular compound that exhibits magnetically induced ferroelectricity. This material exhibits two
successive magnetic transitions on cooling: a long-range order transition to an incommensurate (1C)
collinear sinusoidal spin state at Ty =7.3 K, followed by a second transition to an IC cycloidal spin
state at Trp=6.8 K, the later of which is accompanied by spontaneous ferroelectric polarization.
The cycloid structure is strongly distorted by spin-lattice coupling as evidenced by the observations
of both odd and even higher-order harmonics associated with the cycloid wave vector, and a weak
commensurate phase that coexists with the IC phase. The 2nd-order harmonic appears at Trg,
thereby providing unambiguous evidence that the onset of the electric polarization is accompanied
by a lattice modulation due to spin-lattice interaction. The neutron results, in conjunction with
the negative thermal expansion and large magnetostriction observed in Ref. 19, indicate that spin-

lattice coupling plays a critical role in the FE mechanism of (NDy)sFeCls-D2O.

PACS numbers: 77.80.-e, 75.25.-j, 61.50.Ks, 75.30.Kz



“Improper multiferroics” (also referred as type-II magnetic multiferroics) are a unique
group of materials that exhibit direct coupling between magnetism and electric polarization
[1, 2]. In these magnetically induced multiferroics, the magnetoelectric (ME) effect is strong
and the onset of ferroelectricity arises directly from magnetic order that breaks spatial
inversion symmetry. Due to the strong ME effect, there has been enormous interest in
these materials motivated by their potential applications in novel multifunctional devices.
However, natural single-phase magnetically driven multiferroics are rare, most currently
known materials that exhibit such effect are transition-metal oxides such as TbhMnOj3 [3-9],
MnWOy, [10], Ni3V,0g [11], CuO [12], LiCuVOy [13], and CaCoMnOs3 [14]. Tt is thus of great
interest to discover and investigate new multiferroics. Recently, the search has been extended
to include molecular compounds and metal-organic framework materials (MOFs)[15] and
several such materials have been discovered to be new multiferroics [16-18]. As one of
the new directions for multiferroic research, molecular and MOFs multiferroics have been
attracting considerable attention. Due to the relatively “soft” lattice compared to oxides,
the emergent properties of such a system are usually experimentally accessible and are
more sensitive to external perturbations, i.e. new phases can be induced by modest applied
field and pressure. This offers a unique opportunity to test theoretical models that will
shed light on the underlying multiferroic mechanism. In this paper, we report a neutron
diffraction study of (NH,4),FeCls-H,O, a molecular compound that was recently discovered
to exhibit magnetically induced multiferroicity [19]. Using both polarized and unpolarized
neutrons, we show that the onset of the electric polarization is accompanied by a lattice

modulation indicating spin-lattice coupling plays a critical role in the ferroelectric mechanism

of (NH4)2F€CI5'HQO.

(NH,),FeCls-HyO belongs to the erythrosiderite-type compounds As[FeX5-Hy0], where
A is an alkali metal or ammonium, and X is a halide ion [20-23]. It crystallizes in an
orthorhombic structure at room temperature (space group Pnma) with a crystal structure
consisting of distorted [FeCls-HoO]?~ octahedra linked by a network of hydrogen bonds [19]
as illuatrated in Fig. 1 (a). The magnetic interactions in these materials are mediated via
multiple superexchange pathways, such as Fe-Cl- - - Cl-Fe, Fe-O- - - Cl-Fe, and Fe-O-H- - - Cl-
Fe involving hydrogen bonds, suggesting the presence of magnetic frustration in the system
23]. (NH4)oFeCls-HoO [19] is the only compound that exhibits spontaneous electric polar-

ization in the As[FeX5-HoO] series. In sharp contrast to other isostructural counterparts,
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FIG. 1. (Color online) (a) Crystal structure of (NHy)2FeCls-H30. (b) IC collinear sinusoidal spin
structure at 7 K in the paraelectric phase; (c) IC cycloidal-spiral spin structure at 4 K in the
ferroelectric phase, as viewed along the b-axis (three unit cells along c-axis are plotted). Only
magnetic Fe ions are shown in (b) and (c) for the purpose of clarity.

such as (K, Rb),FeCls-HoO which undergo a single magnetic transition adopting a collinear
anferromagnetic (AFM) spin structure with moments along the a-axis [22] and have no spon-
taneous electric polarization, (NH,),FeCls-HyO undergoes three transitions, a disorder-order
transition associated with the motion of the NH, group at T,~79 K [24], and two magnetic
transitions at Th~7.3 K and Trp~6.8 K, respectively. The material remains paraelectric
below 79 K and spontaneous electric polarization only appears below Trg. Consequently,
it is crucial to know the magnetic structure and microscopic interactions to unveil the un-
derlying mechanism responsible for the multiferroic properties in this compound. However,
although the unusual low temperature magnetic transitions were first reported in 1970’s
[21], the determination of the full magnetic structure has been hampered due to the large
amount of hydrogen atoms (40 H atoms per unit cell) in this compound.

To uncover the nature of the coupling between magnetism and ferroelectricity in this mole-
cular compound, we performed neutron diffraction experiments on deuterated (NDy4),FeCls-DyO
single crystals using the HB1, HB1A triple-axis spectrometer (TAS), and HB3A Four-Circle
Diffractometer located at the High Flux Isotope Reactor (HFIR), and the Elastic Diffuse
Scattering Spectrometer (CORELLI) at the Spallation Neutron Source (SNS) at Oak Ridge
National Laboratory (ORNL) [25]. Our data show that (ND,)sFeCl5-DoO undergoes an
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FIG. 2. (Color online) L-scans along both (0 0 L) and (2 0 L) with the intensity plotted on
a logarithmic scale. (a) (0 0 L) scan measured at 1.5 K and 10 K. The primary IC satellites
(0 0 ntk,;), and the 2nd (0 0 n+2k,;), 3rd (0 0 n+3k,1), 5th order (0 0 n+5k,;) harmonic
peaks are marked by *(black), **(pink), t(green) and f(blue), respectively (n is an integer). (b)
(2 0 L) scan measured at 1.5 K reveals the coexistence of IC and commensurate phases. The
primary IC satellites (2 0 n£ k1), 3rd (2 0 n£3k,;), Sth-order (2 0 nt 5k.;) harmonic peaks
and the commensurate peak (2 0 n+ ko) are marked by *(black), f(green), i(blue) and f (cyan),
respectively. Neutron data have been normalized to beam monitor count and the error bars are
statistical in nature and represent one standard deviation.

incommensurate (IC) AFM long range order (LRO) transition at Ty=7.3 K. The primary
magnetic satellite peak can be indexed with a propagation vector k1=(0 0 k,1), k.1 =~ 0.23 at
1.5 K, consistent with the recent study by Rodriguez—\/elamazdn et al. [24]. To determine
the magnetic structures associated with both the paraelectric phase between Trp<T<Ty
and the ferroelectric phase below Trp=6.8 K, sets of nuclear and magnetic reflections were
collected at 7 K and 4 K at HB3A (wave length 1.546 A). FullProf refinement of 4 K
data confirms an IC cycloidal spiral spin structure with moments mainly confined in the
ac-plane (moment size ~4.08 pp) consistent with Ref. 24. The magnetic structure at 7 K
is found to be an IC collinear sinusoidal spin state along the a-axis, with a moment size of

~2.17 pp. The schematic magnetic structures at 7 K and 4 K are illustrated in Fig. 1 (b)
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and (c), respectively. This indicates a magnetic structure change from collinear sinusoidal
to cycloidal spiral at Trr=6.8 K that suggests an inverse Dzyaloshinskii-Moriya mechanism
for the induced ferroelectricity as proposed in Ref. 24. However, as we will show below, the

cycloid structure is strongly distorted via spin-lattice coupling.

Figure 2 shows representative L-scans along both (0 0 L) and (2 0 L) directions. The
scattering intensity is plotted on a logarithmic scale. Fig. 2 (a) compares the L-scans
along (0 0 L) measured at 1.5 K and 10 K. Besides the strong, primary IC satellite peaks,
additional weak reflections are clearly observed at 1.5 K that can be indexed as 2nd, 3rd
and bth-order harmonics of the wave vector k;. Furthermore, weak commensurate peaks
with a propagation vector ko=(0 0 k.2) (k,2=0.25) are also observed at 1.5 K. As depicted
in Fig. 2 (b), both (2 0 0.23) IC and (2 0 0.25) commensurate peaks are observed in the
L-scan along (2 0 L). The inset illustrates the temperature dependence of (2 0 0.23) and (2
0 0.25). Both reflections show increased intensity with decreasing temperature suggesting
they are magnetic in origin. The observed spin texture (both even and odd-order harmonics
associated with k; and coexistence of the ky commensurate phase) indicates the cycloidal
spiral spin structure is strongly distorted since no higher-order harmonics should be observed
for a perfect cycloid spiral. Furthermore, as discussed in Ref. 26, odd-order harmonics
and even order harmonics are expected to be magnetic and nuclear in origin, respectively.
The observation of the 2nd-order harmonic provides direct evidence of a lattice modulation

associated with the cycloid order with wave vector k;.

The magnetic transitions occur within a narrow temperature range at Ty~7.3 K and
Trrp~6.8 K. To clarify the nature and exact transition temperature of the primary satellite
and higher-order harmonic peaks, we measure both (0 0 0.77)=(0 0 1-k,;) and (0 0 2.46)
=(0 0 242k,1) (2nd-order harmonic) as a function of temperature by performing L scans.
The obtained order parameters and peak center (indexed using k.;) versus T are plotted in
Fig. 3 in comparison with the specific heat data (Fig. 3 (a)). The order parameter of (0
0 0.77) (Fig. 3 (b)) shows a transition at 7.3 K corresponding to T and depicts no clear
anomaly at Tpp. The order parameter of (0 0 2.46) (Fig. 3 (c)) reveals that the appearance of
the 2nd-order harmonic coincides with the onset of electric polarization. Fitting the order
parameters over the temperature ranges 2 K< T' < Ty and 2 K< T < Tgg to a power-
law I(T)=I[(Tx-T)/Tn )P vield Tya7.3420.02 K and f~0.19420.015 for (0 0 0.77), and
TrEp~6.68+0.03 K and $~0.245+0.002 for (0 0 2.46), respectively. These critical exponent /3
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FIG. 3. (Color online) Temperature dependence of (a) the specific heat, (b) integrated intensity of
the (0 0 0.77) magnetic peak, and (c) integrated intensity of the (0 0 2.46) 2nd-order harmonic peak.
The inset in (c) shows L scans of (0 0 2.46) at selected temperatures. The solid lines in (b) and
(c) are fits of the order-parameter data to the power law as described in the text. (d) Temperature
dependence of IC propagation vector k,; determined from (0 0 1-k,1), and (0 0 2+2k,1). The error
bar in (d) represents statistical error from the fitting, not the systematic error.
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FIG. 4. (Color online) Polarized neutron data measured in the horizontal field configuration, Pg ||
Q. (a) L-scan along [0 1 L] measured at 1.5 K comparing the spin-flip (SF, -+) and non-spin-flip
(NSF, ++) scatterings with the intensity plotted on a logarithmic scale. (b) Comparison of the
1.5 K SF and NSF data suggests the hybrid nature of the (0 0 2.46) 2nd-order harmonic peak.
Comparison of 1.5 K and 10 K data of (0 0 2.46) from (c) SF channel and (d) NSF channel,
respectively.

values are much smaller than the theoretical value of 0.36 predicted for a three-dimensional
Heisenberg antiferromagnet (de Jongh and Miedema 1974). This suggests a lower magnetic
dimensionality of (NDy4)oFeCls-D2O as proposed in Ref. 21. The temperature dependence of
the IC propagation vector k., determined by fitting the L-scans of (0 0 0.77) and (0 0 2.46),
is plotted in Fig. 3 (d). Good agreement is obtained between 2 K<T'<6 K, the discrepancy
above 6 K can be attributed to the significant broadening of both reflections near Ty and
Tn. The wave vector (0 0 k) continues to vary with decreasing temperature throughout the
ferroelectric phase and it shows no evidence of an incommensurate-commensurate (IC-C)
lock-in transition down to 1.5 K.

A polarized neutron diffraction experiment was carried out to clarify the origin of the
higher-order harmonics and ko-type commensurate peaks. Fig. 4 plots the polarized data
analyzed using the method discussed in Ref. 27. The magnetic origin of the commensurate

peak and the odd-order harmonics associated with the cycloid order is verified by the stronger



scattering observed in the spin-flip (SF, -+) channel in Fig. 4 (a). The remaining scattering
in the non-spin-flip (NSF, ++) channel can be attributed to finite instrumental flipping
ratio which is estimated to be ~1/10 by comparing the integrated intensity of SF and NSF
data of the (0 0 2) nuclear peak. Fig. 4 (b) compares the SF and NSF data of (0 0 2.46)
measured at 1.5 K. Stronger scattering intensity is detected in the NSF channel indicating
the 2nd-order harmonic is dominated by nuclear scattering contribution. Weak scattering is
also observed in the SF channel. The integrated intensity ratio between NSF and SF is ~1.8,
much smaller than the ratio of ~10 obtained for the nearby (0 0 2) nuclear peak, suggesting a
hybrid nature displaying both nuclear and magnetic characters. Fig. 4 (¢) and (d) compares
1.5 K and 10 K data measured with SF and NSF configurations, respectively. In both cases,
the (0 0 2.46) peak vanishes at 10 K in good agreement with the order parameter results

measured with unpolarized neutrons.

We find the spin texture (in the form of higher-order harmoincs) observed in (ND4),FeCls-DyO
is strikingly similar to that of TbMnOs3, a well studied type-II multiferroic system [3-9].
Three transitions are observed in ThMnOj at 41 K, 27 K, and 7 K [3], in which the transi-
tion at 27 K is accompanied by a dielectric anomaly and electric polarization, whereas the
transitions at 41 K and 7 K are associated with the magnetic LRO order of Mn®** and Th?,
respectively. It has been clarified by a neutron diffraction study [8] that this 27 K transition
is associated with a magnetic structure change from an IC sinusoidally modulated collinear
magnetic structure to an IC noncollinear spiral. Strong odd-order harmonics are observed
indicating the spiral spin configuration is strongly distorted. In particular, the observation
of a 2nd-order harmonic associated with chiral wave vector [3] ignited a debate of the FE
mechanism between the “pure electronic” model by Katsura, Nagaosa, and Balatsky [28]
that suggests the electric polarization can be induced without the involvement of lattice
degrees of freedom, and the “ion displacement” model that suggests a lattice distortion via
spin-orbit coupling is essential for the FE polarization [4-7]. A resonant z-ray diffraction
study [9] reveals the melting of the chiral order associated with the onset of the electric
polarization at 27 K, in which the 2nd-order harmonic is unambiguously detected with
an order parameter behaving similarly to what we observed in (ND,4),FeCls5-D5O. The in-
tensity of the 2nd-order harmonic increases sharply at 27 K coinciding with the onset of
the ferroelectricity. These experimental results combined with theory [4-7] have classified

ThbMnOj as a prototypical material in which a cycloidal-spin structure generates an electric
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polarization via the spin-orbit interaction.

Comparing our results to TbhMnOs, it is quite remarkable that almost identical behavior
(spin texture) is observed in a molecular compound like (NDy)oFeCls-D2O. Both even and
odd-order harmonics are observed. Similarly, the magnetic structure of (NDy)sFeCls-D2O
changes from IC collinear sinusoidal to IC cycloidal-spiral at Trgr without an IC-C lock-in
transition. The material is paraelectric between Trp < T' < Ty and ferroelectricity only sets
in below Trg, where the 2nd-order harmonic appears. Our neutron results provide direct
evidence that the onset of the electric polarization is accompanied by a lattice modulation.
Combined with the large magnetostriction and negative thermal expansion [19] which are
characteristics of strong spin-lattice coupling, our diffraction work indicate the spin-lattice
plays a critical role in the FE mechanism in (NH,),FeCl;-H,O. Moreover, the observed
coexistence of incommensurate and commensurate phases adds additional complexity in
this material compared with TbhMnOj. A preliminary inelastic neutron scattering study
suggests incommensurate and commensurate phases are both energetically favorable and
the competition between these two phases is responsible for the rich magnetic field versus
temperature phase diagram of (NDy)oFeCls-Do0O [29].

Two interesting features are present in this molecular compounds. First, although the
Fe?" ions in (NHy),FeCls-H,O are in the high spin state with half-filled 3d® configuration,
the measured Fe?™ magnetic moment is ~4 pp instead of 5 ug. A large reduction in the
saturated spin moment (~20%) reveals the involvement of metal-ligands delocalization as
confirmed in previous polarized neutron study [30]. Such hybridization has been reported to
play a central role in several Fe3* magnetoelectric oxides via different mechanisms, such as
anisotropic Fe-O bonding induced by the lattice distortions with Fe3* ion shifts in GaFeOs
[31] and d-p hybridization mechanism in CuFe;_,Al, Oy [32]. Consequently, we hypothesize
the metal-ligands hybridization may also play an important role in the FE mechanism in
(NHy4)2FeCls-HoO. Secondly, the fact that (NHy)FeCls-HoO is the only compound that
exhibits magnetically induced electric polarization in the A;[FeXs5-HoO] series underscores
the critical role of the NH4 group. Although many ionic salts containing NHy are ferroelectric
materials [33] and the incorporation of NHy has been used as a strategy to search for new
multiferroics, only type-I multiferroics (in which the ferroelectricity is typically induced via
the disorder-order transition of the NH,4 group at high temperature, and is decoupled to the

low temperature magnetic order) have been discovered through this approach so far [16—
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18]. It is interesting that (NH,)oFeCls-HyO remains paraelectric below the disorder-order
transition at 79 K and the ferroelectricity only sets in at a much lower temperature Trg.
One possible scenario is that the replacement of NHy for alkali metals further enhances the
magnetic frustration to an already frustrated magnetic lattice [23] and the relief of magnetic

frustration via a strong spin-lattice coupling generates the ferroelectricity.

In summary, our neutron diffraction study on (NDy)sFeCls-DoO reveals that the appear-
ance of ferroelectricity in this molecular magnet is mediated by spin-lattice coupling. The
observed subtle distorted spin texture is remarkably similar to ThMnOg3 which have been
clarified to play a critical role in the FE mechanism for this prototypical system. Our re-
sults suggest (NDy)oFeCls-D5O is a rare molecular analogue to ThMnOg, yet it has a more
complex B versus T phase diagram [19, 29]. We believe the exotic magnetic properties are
closely related to the effects of Fe-Cl metal-ligands delocalization and the disorder-order
transition associated with the NHy group. (NDy)sFeCl5-D2O can serve as a test bed for
molecular cycloidal multiferroicity given that the rich physics displayed in this system can
be measured experimentally and directly compared to theory to test theoretical models. The
spin-lattice coupling mediated FE mechanism revealed in this system certainly opens an av-
enue for investigating new molecular and MOFs multiferroics and calls for more thorough

theoretical investigations.
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Note: While working on the revision of this paper, we become aware of a recent work
by Rodriguez-Velamazdn et al. which reports that no higher-order harmonics and coexis-
tence of the IC and C phases were observed in their experiment on the same material [34].
We attribute this discrepancy to the better sensitivity to weak reflections in our experiment

as explained in the supplemental material [25].
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