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Abstract:

The magnetic configuration of crystalline solids can have a
profound impact on material properties, ranging from subtle
structural effects to macroscopic phenomena. With the in-
creased adoption of magnetic crystals for advanced applica-
tions, there is a significant need for tools that can charac-
terize and predict the nature of magnetic ordering in solids.
While there certainly exist techniques for acquiring such insight,
those methods can be plagued by constraints (such as requir-
ing certain elements), ultimately limiting their utility. Here, the
strong-dependence of low-frequency (terahertz) vibrational dy-
namics on weak and long-range forces in crystals is leveraged
to determine the spin state of iron phosphate — a promising
material for cathodes in lithium ion batteries. We highlight
how terahertz time-domain spectroscopy — coupled with quan-
tum mechanical simulations — can discern between various spin
configurations in FePO,. Furthermore, the results of this work
unambiguously show that the well-accepted space group sym-
metry for FePO, is actually incorrect, and that low-frequency
spectroscopic measurements provide a clearer picture of the
correct structure over the gold-standard of X-ray diffraction.
This work opens the door for characterizing, predicting, and
interpreting crystalline magnetic ordering using low-frequency
vibrational spectroscopy.

The magnetic configuration of solids is responsible for a
rich and diverse set of physical properties, and magnetic
materials are crucial for advanced applications, with some
modern examples including photovoltaics, 2 spintronics, >
and superconductivity.* In addition to those applications
that take direct advantage of magnetic ordering, there are
countless related phenomena where atomic- and molecular-
spin arrangements play an influential role — ranging from
phase transformations®® to thermal conductivity.” There-
fore, there clearly exists a need for methods that can fully-
characterize the magnetic configuration of solids. But, while
there certainly exist methodologies for characterizing the
magnetic arrangement in solids — such as electron paramag-
netic resonance (EPR)® and Méssbauer spectroscopy — there
are some limitations to these methods (e.g., only certain el-
ements can be characterized by Méssbauer spectroscopy?)

and alternative means of obtaining such insight is a long-
sought-after goal.

Low-frequency vibrational spectroscopy (terahertz/far-
IR) is a powerful tool for studying solid materials, as the
vibrations that occur at terahertz frequencies originate from
long-range and weak intermolecular interactions.'® This
yields a method that is highly-sensitive to subtle differ-
ences in such forces,1'*? enabling detailed insight into re-
lated phenomena, such as the ability to clearly differenti-
ate between crystalline polymorphs.'® Given that variations
between different magnetic configurations will undoubtedly
result in varying intermolecular interactions, terahertz vi-
brational methods should be able to register these differ-
ences, making it an indirect probe of magnetic structure in
materials — regardless of what elements are present and
without requiring large crystals. Coupling experimental ter-
ahertz spectroscopic data with ab initio density functional
theory (DFT) simulations provides even greater insight into
the atomic-level dynamics that shape the properties of mate-
rials. 1% In addition, DFT simulations enable the prediction
of properties that might not be readily accessible experi-
mentally, and even allow for the creation of structures and
magnetic configurations that haven’t been discovered yet,
which has direct implications in material dSupporting Infor-
mationgn and discovery applications.

In this work, Iron (III) phosphate (FePO,) was chosen
as a model system to explore the ability of terahertz time-
domain spectroscopty (THz-TDS) to determine the mag-
netic configuration of crystals, owing to the detailed charac-
terization data on this system available in the literature, in-
cluding cryogenic Mdssbauer spectroscopy and X-ray diffrac-
tion measurements. 14718 While not a new material, in recent
years FePO, has shown great promise as a cathode material
in lithium ion batteries,'®?! and understanding its mag-
netic and electrical properties is central to further innova-
tion. FePOy is reported to crystallize in an a-quartz type
structure, and is known to undergo a ferromagnetic (FM)
to antiferromagnetic (AFM) transition at a Néel tempera-
ture of around 25 K. '*1® While the iron atoms in FePO, are
tetrahedrally coordinated, indicating that the iron is in the
high-spin (HS) state, through the use of DFT simulations it
is possible to explore all possible electronic configurations,
and thus the low-spin (LS) state was also investigated here.



Through a combined experimental approach consisting of
powder X-ray diffraction (PXRD) and THz-TDS, and cou-
pled to DFT simulations, a full accounting of the role of
magnetic structure on other physical phenomena is uncov-
ered. The data highlights that THz-TDS can indeed con-
firm (and by extension, help determine) the proper magnetic
configuration of crystalline solids. Furthermore, the signif-
icant dependence of low-frequency vibrational dynamics on
weak forces uncovers that the accepted crystal structure of
FePO, is most likely incorrect, suggesting that THz-TDS
is more sensitive to subtle structural differences than X-ray
diffraction methods, which are currently the arguable ‘gold-
standard’ for structural determination.
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Figure 1. The crystal structure of FePO,, with
the unit cell (in P3; 21) shown in blue. The black
arrows represent the net spin state for each iron
atom, shown here is the AFM arrangement with
the net-spin on the iron atoms in the (0 0 3) plane
set to B (spin down).

The structure of FePO, has previously been determined
experimentally, and it is reported to exhibit an a-quartz
type structure in the P38;21 space group (Figure 1).'°
The structure consists of [FeO4]” and [PO4]" tetrahedra,
which form an infinite network throughout the entirety of
the crystal.

Quantum mechanical simulations were performed using
the fully-periodic CRYSTAL17 software package,?? using the
B3LYP?? functional and the Ahlrichs triple-zeta basis set
with one polarization function (VITZP)?* for the iron atoms,
and the triple-zeta 6-311G(2d,2p) basis set >?® for the non-
metals (additional simulation details available in the Sup-
porting Information). One of the benefits of the CRYSTAL
software package is that it is possible to fully exploit Bra-
vais and space group symmetry. Thus, initially, closed-shell
and high spin ferromagnetic (HSFM) simulations of FePO,
were performed within the P3; 21 space group, as any other
magnetic configurations require a symmetry reduction due
to the presence of only one unique iron atom in the unit
cell (vide infra). It is important to note that the low-spin
ferromagnetic configuration led to numerical instabilities in
the simulation, and thus was neglected. The geometry of the
structures were optimized, and all lattice vectors and atomic
positions were allowed to relax, with no constraints other

than the space-group symmetry of the solid — a method
that has proven to be accurate on countless occasions in the
past. 27 3% The optimizations were successful, with an aver-
age error in the lattice parameters, compared to the experi-
mental structure, of 0.592% and 1.438%, for the closed-shell
and HSFM simulations, respectively. The PXRD patterns
for the two optimized structures were generated (Figure 2C
and 2B, respectively) and compared to the experimental
PXRD pattern (Figure 2A), and the agreement further
highlights that the simulated structures were in apparent
agreement with the experimental structure.
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Figure 2. The 300 K experimental (A) and sim-
ulated (B-F) PXRD patterns of FePO,.

While vibrational spectroscopy is inherently a probe of
inter-atomic forces, low-frequency vibrational spectroscopy
is a powerful probe of three-dimensional structures, as the
forces sampled at terahertz frequencies are often very-weak
and long-range, meaning that they strongly depend on the
bulk-packing structure. Thus, the simulated terahertz spec-
trum, when compared to the experimental one, can be used
to not only understand weak forces, but also as a validation
of the correct structure.

The terahertz spectra of dehydrated FePO, were collected
at 20 K and 300 K between 0.5-4.25 THz using a commercial
Toptica Teraflash Pro spectrometer (additional experimen-
tal details available in the Supporting Information). In the
experimental spectra (Figure 3A), there were three clear
absorption features, occurring at 1.22 THz, 2.49 THz, and
3.66 THz in the 300 K spectrum, with all three peaks ex-
hibiting the characteristic sharpening upon cooling to 20 K,
while only the first and third peaks significantly blue-shift to
1.29 THz and 3.77 THz, respectively. Additionally, a broad
absorption feature arises around 3.05 THz upon cooling.

The optimized structures were used to initiate vibrational
analyses — again maintaining space-group symmetry —
with the result of the HSFM shown in Figure 3B. In gen-
eral, the agreement between the HSFM simulation and the
room temperature terahertz spectrum is good. However, in
the case of the closed-shell structure, the results of the vi-
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Figure 3. The experimental (A) and DFT-

predicted (B-E) terahertz spectra of FePO,.

brational simulation yielded a negative frequency, indicating
that the structure was not at the minimum on the potential
energy surface (PES).

In order to further investigate the origin of this, the vi-
brational potential of the negative mode was determined by
displacing the structure along the normal coordinate and
determining the energy explicitly at each step. The result
(see Supporting Information) indicates that the system was
not at the global minimum on the PES. Thus, a new geom-
etry optimization was performed starting from the the true
minimum, with an important note being that the new struc-
ture did not exhibit any space-group symmetry, and thus
the simulation was performed in the absence of symmetry
(i.e., with a space group of P1).

This optimization in the absence of symmetry gave com-
parable errors as the original P3; 21 optimization, with an
average error of 1.665%. The simulated PXRD pattern for
the P1 structure, shown in Figure 2D, was also in agree-
ment with the experimental pattern. The subsequent vibra-
tional frequency analysis did not yield any negative modes,
confirming the success of the optimization.

The predicted closed-shell terahertz spectra and the ex-
perimental spectra are not in agreement (Figure 3C), not
only with respect to the vibrational frequencies, but also the
intensities, which differ by 2 orders of magnitude, indicat-
ing that this was not the correct structure and/or magnetic
configuration of FePO,.

While the room-temperature spin configuration is believed
to be ferromagnetic, 4 there is a reported FM to AFM tran-
sition at low-temperatures.®!> Thus, both the low- and
high-spin AFM configurations were studied in order to ex-
plore the influence of the spin configuration on the low-
frequency dynamics. The published space-group symmetry
of the solid does not allow for the consideration of the AFM
state, as there is only one symmetry-unique iron atom in
the P8 21 structure. Thus, in order to account for AFM
behavior, the symmetry was initially reduced, resulting in

structures with C2 space group symmetry.

Here, we have chosen to label the plane of atoms that are
given 8 spin (net negative spin), which assumes the other
planes contain « spins (net positive spin). For this system,
there are three possible configurations, § in the (0 0 3),
(00 1) or (00 -3) planes. An example of the first case
is shown in Figure 1. For this work, we have simulated
all three possible magnetic arrangements leading to three
possible configurations.

The first configuration tested was the low-spin antiferro-
magnetic (LSAFM) state. As done previously, the structure
was first optimized, with a critical difference here being the
necessary reduction of symmetry. The errors of the opti-
mization were generally good, with errors of 1.150%, 2.480%
and 1.152% for the three possible LSAFM configurations,
compared to the experimental lattice vectors.

Following the geometry optimization, frequency analyses
were performed, and again, the result produced a negative
frequency for all three structures. The vibrational potential
for that mode was again scanned, in the same manner as
the closed-shell system. The new lattice and atomic coordi-
nates were generated from the minimum point, see Support-
ing Information. The structure generated again resulted in
no space-group symmetry (P1), and was subsequently re-
optimized, followed by a frequency analysis.

While the resultant frequency calculations produced
no negative frequencies, neither the simulated PXRD
(Figure 2E) nor the simulated terahertz spectra
(Figure 3D) are in agreement with the experimental re-
sults. However, while the PXRD patterns are essentially
identical between the different LSAFM configurations stud-
ied, the simulated terahertz spectra vary. This highlights
how sensitive terahertz dynamics are to subtle differences
in weak intermolecular forces, which are clearly significantly
influenced by the chosen magnetic configuration, and opens
up the possibility for using THz-TDS to confirm and pre-
dict the nature of magnetic ordering in complex crystals,
providing a powerful complement to existing methods.

The high-spin antiferromagnetic (HSAFM) models were
generated in the same manner as the LSAFM structures,
with three possible configurations. As done previously, the
symmetry was reduced in order to allow for the AFM con-
figuration, resulting in a space group of C2. The errors of
the optimization were generally good, with errors of 1.471%,
1.467% and 1.470% for the three possible HSAFM configu-
rations, respectively. The simulated PXRD patterns for all
three structures were in excellent agreement with the exper-
imental PXRD pattern, as shown in Figure 2F.

The vibrational frequency analyses were performed in the
same manner as previously described, and the experimental
terahertz and HSAFM simulated spectra were in excellent
agreement, with the simulated spectra all being nearly in-
discernible, as presented in Figure 3E. Here, both the fre-
quency of the transitions, and the IR intensities, matched
the experimental data, highlighting the accuracy of the the-
oretical model and the correct representation of weak forces
and electronic density. It is important to note that while
this structure utilized space-group symmetry (C2), for com-
pleteness, simulations were also performed in the absence of
symmetry (P1), which did not change the results.

Interestingly, the HSAFM simulations predict two modes
at the location of the two most intense terahertz absorp-
tion features occurring at 2.48 THz and 3.77 THz in the ex-
perimental spectrum. In the experimental spectrum, those
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Figure 4. Experimental (298 K) variable concentration terahertz spectra (top left), predicted HSFM

spectrum in the absence of symmetry (bottom left). The experimental peak intensities (circles) and Pdielec-
predicted peak intensities (sqaures) are shown on the right.

peaks appear to be slightly asymmetric, indicating that they
might arise from multiple transitions.

Surprisingly, the 298 K spectrum also suggests the pres-
ence of two discrete transitions, while the simulated HSFM
spectrum in the published P8 21 space group consisted of
two degenerate modes. Close inspection highlights that the
degeneracy arises due to the imposed P3;21 symmetry, and
upon re-optimizing the HSFM structure in P1, that degener-
acy is lifted again. The HSFM structure was also simulated
in the C2 space group, which did not change the calculated
vibrational frequencies or intensities. In order to investigate
this further, new experimental terahertz spectra were ob-
tained with increased concentrations, from 10% w/w — 30%
w/w, with the results shown in Figure 4.

While terahertz absorption typically follows Beer-
Lambert behavior, the measurements shown in Figure 4
(left panel) clearly do not — with both the frequencies
and the intensities of the absorption features varying as
the concentrations are increased, with the intensities of the
terahertz modes near 2.5 THz decreasing as concentration is
increased. Such a result is clearly surprising, as it is exactly
the opposite of what is expected with the Beer-Lambert Law
(within the linear regime). It is important to note that at
lower concentrations (below 10% w/w), the absorption does
obey the Beer-Lambert Law, indicating this these effects
only become apparent at higher concentrations.

One possible explanation for this behavior is that there is a
modification of the local electric field within the sample pel-
let, which was previously been demonstrated for ionic crys-
tals with strong dipole moments.3® To investigate this, the
PDielec package was used to post-process the simulated vi-
brational spectra to account for such behavior using effective
medium theory, with the Maxwell-Garnett mixing rule.3®
The results of these calculations are shown in Figure 4
(right panel), and it is clear the trends in the intensities
between the experimental and theoretical data as a function
of concentration are in excellent agreement. The magnitudes
are not in agreement, but these experiments were performed
at room temperature while the simulations assume an ef-

fective temperature of 0K, which helps to account for this
discrepancy. Additionally, the simulated intensities are ac-
tually integrated intensities, and different peak shapes (i.e.
Gaussian, Lorentzian, and so on) would result in different
peak heights, further adding to possible disagreement when
only comparing the maximum intensity of an absorption fea-
ture.

Overall, the combination of terahertz THz-TDS and DFT
simulations is powerful for determining and characterizing
the magnetic structure of crystalline solids, with the results
here going further to strongly support that the space group
of FePO, is actually C2, instead of the reported P3;21.
While an effective breaking of symmetry due to impos-
ing magnetic ordering would not necessarily imply that the
experimentally-assigned space group is incorrect, the break-
ing of vibrational mode degeneracy does, in fact, strongly
support that the symmetry of FePO, is not merely broken
due to spin considerations, but also has its origins in the
structure itself. The differences between the P 21, and C2
structures are incredibly subtle, and the PXRD (and even
single-crystal XRD) data are clearly unable to discern be-
tween these two structures. Yet, due to the dependence of
terahertz vibrations on weak, long-range forces, subtle struc-
tural differences can have a pronounced impact on the low-
frequency vibrational spectra, thus highlighting that low-
frequency vibrational spectroscopy is a powerful tool for
elucidating structures and magnetic configuration in solids.
This work opens the door to utilizing low-frequency vibra-
tional spectroscopy for identifying the magnetic configura-
tion and structures of materials.
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Experimental and theoretical methods, normal mode poten-

tial energy scans, and simulated crystal structures.
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