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Pressure-Induced Collapse of Magnetic Order in Jarosite
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We report a pressure-induced phase transition in the frustrated kagomé material jarosite at ~45 GPa,
which leads to the disappearance of magnetic order. Using a suite of experimental techniques, we
characterize the structural, electronic, and magnetic changes in jarosite through this phase transition.
Synchrotron powder x-ray diffraction and Fourier transform infrared spectroscopy experiments, analyzed
in aggregate with the results from density functional theory calculations, indicate that the material changes

from a R3m structure to a structure with a R3¢ space group. The resulting phase features a rare twisted

kagomé lattice in which the integrity of the equilateral Fe3* triangles persists. Based on symmetry
arguments we hypothesize that the resulting structural changes alter the magnetic interactions to favor a
possible quantum paramagnetic phase at high pressure.
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Spins arrayed on lattices exhibiting magnetic frustration
can engender exotic magnetic phases [l1-4]. Materials
that host these lattices have been intensely researched
for several decades, including the antiferromagnetic min-
eral jarosite, KFe;(OH)4(SOy), [5-15]. Jarosite’s kagomé
lattice—in which high-spin Fe’* ions (S = 5/2) form a
corner-shared triangular lattice—frustrates magnetic order-
ing. The Néel temperature, Ty, of jarosite at ambient
pressure is 65 K—much lower than may be expected
given the Curie-Weiss temperature of —828 K, leading
to a frustration parameter of f = 12.7, where f > 10 is
considered frustrated [9,16,17].

The ordered magnetic structure of jarosite arises
from two primary interactions [10-14]. The first is a
nearest neighbor antiferromagnetic superexchange interac-
tion along the Fe-O-Fe pathway within the kagomé lattice.
The second is an antisymmetric Dzyaloshinskii-Moriya
(DM) interaction [18,19]. The DM vectors, D, are confined
within the mirror plane bisecting the Fe** ions [12,18-21].
These interactions select the ¢ = 0 spin structure which
features a magnetic umbrella motif with a uniform positive
vector chirality and a small canting of the spins out of the
plane [12—14]. This canting alternates from plane to plane,
but an applied magnetic field can align them leading to a
net ferromagnetic moment [12].
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Extensive theoretical work hints at a rich phase diagram
for frustrated kagomé antiferromagnets in the presence of a
DM interaction [12,22-30]. These studies predict quantum
critical points between the g = 0 state and other magnetic
phases that are potentially accessible in jarosite by manipu-
lating the exchange interactions. To that end, high applied
pressures offer a vector to tune the phase stability [31-35],
structure, and magnetism in frustrated materials analogous
to variable magnetic fields and chemical composition. High
applied pressures shorten interatomic distances, which
impact the potential energy landscapes and magnetic
exchange pathways for the realization of exotic phases
of matter [36—41]. Moreover, applied pressure also offers a
route to access magnetically frustrated variants of parent
lattices that may be difficult to access synthetically at
ambient conditions, which may also host exotic magnetic
phases. Despite the growing body of experimental work in
this area, complete PT phase diagrams for kagomé lattice
materials—and other frustrated lattices featuring competing
exchange and DM interactions—remain absent.

Here, we report the high-pressure quenching of magnetic
order in jarosite leading to a possible quantum paramag-
netic phase. We study the crystal, electronic, and magnetic
structure of jarosite at pressures up to 121 GPa using a
suite of in situ diamond anvil cell (DAC) techniques [42].

© 2020 American Physical Society
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FIG. 1. The normalized lattice parameters for jarosite at
ambient temperature are plotted as a function of pressure
(top). These values were obtained from Pawley fits of the PXRD
data using the R3m space group for the jarosite phase. The plot of
c¢/a vs pressure highlights the phase transitions at P*! and P*2.
The spline interpolation in the plot of ¢/a vs pressure, which lies
behind the data points over the entire measure pressure range, is a
guide for the eye. Unless shown, error bars are commensurate
with the symbol size. The dashed lines in the figure (top) are the
normalized equation of state curves for the volume data (see

Table S3 for parameters and Figs. S3—S6 in the Supplemental
Material [46].).

We identify a symmorphic-to-nonsymmorphic transition
from R3m to R3c. The calculated R3¢ structure exhibits
equilateral triangles of Fe3* ions that twist, but do not
distort, to yield a rare twisted kagomé lattice with a unit cell
that doubles along the ¢ axis. This conclusion is supported
by a Rietveld refinement analysis of a high-pressure
PXRD pattern. The lowering in symmetry is supported
by Fourier-transform infrared spectroscopy (FTIR) mea-
surements. Variable-temperature and -pressure synchrotron
Mossbauer spectroscopy (SMS) measurements reveal a
collapse of detectable magnetic order at pressures above
43.7(4) GPa down to 20 K, which we discuss in the context
of the pressure-tuned exchange interactions on the twisted
kagomé lattice to conjecture the existence of a quantum
paramagnetic phase.

To search for potential pressure-driven phase transitions
in jarosite, we collected powder x-ray diffraction (PXRD)
patterns up to 78.6 GPa at ambient temperature. We extrac-
ted the unit cell lattice parameters at each pressure by
applying a Pawley fit to the diffraction patterns (Fig. 1, top)
[43-45]. Pawley fits using the ambient-pressure R3m
structure model the data well across the entire measured
pressure range. Up to 19.5(1) GPa, an initial third-order
Birch Murnaghan equation-of-state (BM3) curve accu-
rately models the data (Table S3 [46]) [71,72]. There is
an isosymmetric transition at P*! = 19.5(1) GPa, discern-
able from the inflection point in the c¢/a ratio at this

pressure (Fig. 1, bottom). Between 19.5 and 39.4 GPa,
a second BM3 equation of state curve accurately models
the data. We find a transition at P*? = 43.7(4) GPa where
an unusual cusp in c¢/a occurs, signaling a complicated
structural transition at this pressure. From 49.9 to 78.6 GPa,
the data are well modelled with a third BM3 equation of
state curve.

To better understand this complex behavior under
compression, we conducted DFT calculations to search
for possible pressure-induced lattice instabilities. We con-
strained the volume of the unit cell to the observed volume
at a given pressure and calculated the phonon modes every
ten GPa up to 80 GPa. We find a soft phonon at the T (0,0,
3/2) point of the Brillouin zone between 30 and 40 GPa
(Fig. S31 [46]). Upon condensing the instability followed
by atomic relaxation, we find a new high-pressure structure
(R3¢ space group) that emerges from the known ambient
pressure R3m structure. The two space groups have a
group-subgroup relationship such that the transition is
driven by a T;r mode, which doubles the length of the ¢
axis due to the glide operation. The new, high-pressure R3¢
structure is characterized by a twisted kagomé lattice in
which uniform Fe-Fe contacts form equilateral triangles
that twist slightly relative to the parent kagomé lattice. At
the same time, both apical oxygen ions shift in the same
direction, enhancing the distortion of the FeOg octahedra.
We distinguish this lattice from the highly distorted
triangular-kagomé lattice [73], in which next near neighbor
magnetic ions are connected by direct superexchange
pathways. We analyzed the PXRD patterns over the entire
measured pressure range considering both the R3m and
R3c structures. We found that the Pawley fits of the patterns
above the phase transition using the calculated R3c
structure give comparable fit statistics to the Pawley fits
which used the R3m structure. Additionally, the normalized
lattice parameters qualitatively agree well with those
obtained from the previous Pawley fits (Figs. S7T-S10 [46]).

To investigate the possible lowering in symmetry at P*2,
we conducted ambient temperature FTIR measurements in
the mid-IR (500-6000 cm™!) up to 54.4 GPa (Figs. S12—
S21) [46,74-76]. At 45.5(4) GPa, there is a first order
discontinuity in the IR modes. We observe an increase in
the number of observed modes in the measured region in
agreement with the calculated lowering in symmetry at the
R3m to R3c transition. The calculated number of IR active
modes exceeds the observed number of modes at all
measured pressures and there is good qualitative agreement
for the pressure-dependent dispersion between the calcu-
lated and the observed modes (Figs. S20 and S21 [46]).
These data support the DFT predicted symmorphic-to-
nonsymmorphic transition.

To test the validity of the calculated structures at
P > P*2, we performed a Rietveld refinement analysis
of a selected representative PXRD pattern collected at
62.1(6) GPa. The details of the Rietveld refinement and

077202-2



PHYSICAL REVIEW LETTERS 125, 077202 (2020)

1.1 GPa 183 e - 23 o
o i g 1 revious stu
S, |—7scra 10' Y36 GPa = 25 ° o swsdaa
= - - - - High Spin Fe* 102 W “7] o
[72 1 P Low Spin Fe* 101:“ 40 GPa o014 o
5 —— Low Spin Fe* 102 — ) ) o
E 10" i N g,
10?
? 10'
S 10% ¢
g 010
C in2
10
S 310 o
= ol
' -0~
10?
-0
7020 70'30 70'40 70'50 70‘60 70'70 7080 -0
Energy (eV) F— .
a o2 = 10; 111 GPa - —o—
Y P 10 a °% 11
LN SR L SR SR S SR LA T T " T " T " "7 1T 1T 1 . LA DL NN BN BN R B
0 10 20 30 40 50 60 70 80 30 40 50 60 70 80 90 100110120130 0 20 40 60 80 100 120 140

Pressure (GPa)

Time (ns)

Pressure (GPa)

FIG. 2. The normalized XES data (left) illustrate that the electronic structure changes linearly with pressure, as shown by the plot of
the TAD value vs pressure in the inset of the XES plot. The data from jarosite measured at 1.1 GPa overlays the high-spin Fe** reference
data. In the plot of the IAD values, closed symbols originate from spectra reported herein, whereas open symbols originate from
previously reported spectra [42]. The SMS data (center) show a change in spectral shape between 39.5 and 45.6 GPa. Spurious signals in
the SMS data above 80 GPa are masked between 36 and 41 ns. Open circles denote the data points while the solid lines show the fits to
these data. Fits of the data reveal a first order discontinuity in AE,, (right), which decreases from 2.24(2) to 1.62(2) mms~! through the
phase transition at 43.7(4) GPa. Unless shown, error bars are commensurate with the symbol size. Open gray circles are previously
reported data for the AE, plot [42]. See Fig. S23 in the Supplemental Material [46] for an enlarged plot of the IAD values as a function

of pressure.

structure solution are given in the Supplemental Material
[46] (S9-S11), and the results are summarized in Table S7.
The Rietveld refinement using the R3c structure fits the
experimental PXRD pattern well (fit statistics are listed in
Table S7 [46]). In addition, the R3¢ structure is internally
consistent with the FTIR measurements, while the other
structures suggested by the DFT calculations are not.
Therefore, based on the Rietveld refinement fits—analyzed
in conjunction with the FTIR results and DFT calculations—
we conclude that the high-pressure phase of jarosite is
accurately described by the R3c structure and possesses a
twisted kagomé lattice.

To probe the local electronic structure of the Fe ions
in the high-pressure phase (P > P*?), we conducted
nonresonant x-ray emission spectroscopy (XES) measure-
ments as well as ambient-temperature, variable-pressure
SMS measurements on pure single crystals of jarosite.
Figure 2 (left) summarizes the XES experiments. Up to
75 GPa, the Kf 5 line redshifts slightly and decreases in
intensity. The Kf' feature decreases in intensity slightly
across this same pressure interval but does not shift in
energy. We quantified the extent of the spectral changes as
a function of pressure, using the integral of the absolute
value of the difference of the curves method (IAD) [77]
(Fig. 2, left, inset). The IAD values follow a linear trend
with pressure (R*> = 0.9556). The absence of discontinu-
ities in the plot of the IAD values vs pressure confirms that
there are no phase transitions in the local electronic
structure of the Fe3T ions. Based on these findings, we

conclude that the spin state of the Fe** ions (S = 5/2)
remains constant up to 75 GPa [78-80]. We attribute the
observed spectral changes to an increase in the covalent
nature of the Fe-O bonds in the distorted FeOg octahedra in
the kagomé planes [78,79,81]. Additionally, we reference
our data in Fig. 2 with previously published data for com-
pounds with established valence and spin states, including
hematite, Fe,O5 (high-spin Fe**), measured at ambient
conditions and phase D, MgSi, sFej 15Aly3,H, 0 (low-
spin Fe’"), measured at 93 GPa and ambient temperature
[78], to show that no spin-state transition occurs up to
75 GPa. We also use reported data for Mgg75Fe;,50
measured at 90 GPa as a low-spin Fe?* reference [82].
We further probed the local electronic and structural
environment around the Fe** ions using SMS experiments
[83—88] at ambient temperature up to 121 GPa (Fig. 2,
center). This technique is analogous to ambient pressure,
offline Mdssbauer experiments, and as such, yields the
quadrupole splitting and magnetic hyperfine terms at
elevated pressures. We fit these data to extract the quadru-
pole splitting values (AE,; Fig. 2, right) [89]. AE,
increases linearly with pressure from ~1.4 mms~! at
ambient pressure to 2.13(2) mms~! at 39.5 GPa [42].
The spectrum at 45.6 GPa was fit with two phases,
one with AE, =2.24(2) mms™' and one with AE, =
1.62(2) mms~!. At this pressure, there is a first order
discontinuity in AE,. Above the pressure-induced dis-
continuity, AE, remains relatively constant between 1.6
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and 1.7 mms™! up to 72.3 GPa and then decreases

monotonically with additional pressure [90,91].

The magnitude of AE, stems from the asymmetry of the
electric field gradient around the Mossbauer active ion
[92,93]. In general, AE, is influenced by two factors: the
symmetry of the electronically populated orbitals and the
lattice contribution. In jarosite (d°, high spin, nominal 6S
ground state), the nonzero value of AE, comes from the
FeOg tetragonal elongation and from the differences in the
o- and z-donor ability between the equatorial p,-OH
ligands compared to the axial sulfate ligands. One explan-
ation for this behavior would be a spin crossover transition,
however, within the resolution of the XES experiments, the
IAD analysis shows no discontinuities in the electronic
structure of the Fe3* ions up to 75 GPa. The combination of
these data suggests the discontinuity in the AE, vs pressure
relationship arises from the sudden change in the lattice
contribution to the asymmetry of the electric field gradient.
The first order discontinuity in the plot of AE, vs pressure
therefore supports the calculated structural transition from
the R3m to the R3c phase.

We probed the magnetic ordering temperature in jarosite
by fitting the SMS data and extracting the magnetic
hyperfine term, Byg. Byp is the magnitude of Zeeman
splitting of the m; sublevels probed in Mossbauer spec-
troscopy [92,93]. Here, a nonzero By arises from magnetic
ordering. A nonzero Byr term creates readily apparent
additional quantum beats in the SMS spectra that occur
with greater frequency, and the lack of the onset of
magnetic ordering as a function of pressure in the data
presented in Fig. 2 is clear from the lack of additional
quantum beats [42,83-88,92,93]. Further details concern-
ing the fitting of the data to extract the relevant Mossbauer
terms can be found in the Supplemental Material [46].
From these data, we extend the temperature-pressure
magnetic phase diagram for jarosite to above 100 GPa
in pressure (Fig. 3). T for jarosite increases linearly with
pressure up to ~40 GPa. This trend can be explained by
considering the pressure-induced change in the equatorial
Fe-O bond distances,d(Fe —O),,. This bond distance
decreases with increasing pressure [42]. This affects both
the exchange interactions J and D as the Fe-3d to O-2p
hopping integral #,,, typically scales as d(Fe — O);;‘. These
interactions combine to yield a linear increase in 7y up to
~40 GPa. Then, the variable-temperature, isobaric dataset
measured at ~47 GPa—just above P*?—exhibits a Byp
value of zero for all measured temperatures down to
the lowest measured temperature of 29.3 K. The disap-
pearance of the Byp term indicates a collapse of the
magnetic order coincident in pressure with the structural
phase transition observed in the PXRD [43.7(4) GPa]
and FTIR [45.5(4) GPa], predicted by the DFT calculations
(~40 GPa), and inferred from the aggregate of the XES
data and the AE, vales from the SMS experiments
[45.6(4) GPal].

300 ] OO0 O A & 4,8 a4 a A A A
2754 °© =
250 A
225 N
< 200-_ A A
® 1754
3 1 A
© 150
S |
o i A A
GE) 125 ]
= 100 - A
75 A A & &
50 4 i @ previous study, AFM
. L) i W previous SQUID, AFM
O previ dy, PM
25 L) ’ L .% + A gu?rezltjsstsl:;y,yPM
T ] O previous SQUID, PM
0 T T T T T T T T T T T
0 20 40 60 80 100 120
Pressure (GPa)
FIG. 3. The temperature-pressure magnetic phase diagram for

jarosite up to 121 GPa. Closed symbols denote antiferromagnetic
order. Open symbols denote measurements in which no magnetic
ordering is observed. The antiferromagnetic region is highlighted
in blue while the paramagnetic region is highlighted in pink. In
the legend, AFM denotes antiferromagnetic ordering, while PM
denotes paramagnetic. The measured values from a previous
study are reported in Ref. [42]. The dashed lines indicate the
linear trajectory of T with pressure and the maximum measured
Ty value. In the inset, blue equilateral triangles and distorted pink
hexagons highlight the twisted kagomé lattice of Fe’" ions at
80 GPa in the R3¢ phase. Iron and oxygen ions are depicted as
orange and red spheres, respectively, while the other atoms are
omitted for clarity.

The observed magnetic collapse indicates either the
addition or loss of an exchange interaction, and/or a drastic
change in the existing exchange interactions. At ambient
pressure, there are two principal symmetric exchange
couplings, J; (near neighbor) and J, (next near neighbor),
and two components of the antisymmetric exchange inter-
action Dy, the out-of-plane D, and the in-plane D, (i and j
are site indices). An analysis of the spin wave dispersions
(in Ref. [17]) at ambient pressure shows that (in meV)
Jy =3.18,J, =0.11, [D,| = 0.197, and D, = —0.196. J,
is determined by the Fe-O-Fe pathway. J, is determined by
an Fe-O-O-Fe super-super-exchange pathway, which
explains why it is relatively weak compared to J;. D is
constrained to lie within the mirror plane bisecting the two
iron atoms and thus normal to the Fe-Fe contact that
comprises the equilateral triangles of the lattice [19,20].

The transition from the R3m phase to the R3c structure
modifies the interatomic distances and angles and therefore
affects these exchange interactions (Fig. 3, inset). The bond
angle in the Fe-O-Fe pathway does not change drastically
with pressure through the phase transition (Fig. S32 in the
Supplemental Material [46]). However, the planar O ion
moves off center between the two Fe’* ions, creating
inequivalent bond distances d(Fe — O), and d(Fe — O),.
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Despite this, the equilateral triangles of Fe3* ions remain
intact as each Fe’' ion has two d(Fe —O), and two
d(Fe — O), distances. Thus, we do not expect J; to change
drastically across P*2. Conversely, the super-super-
exchange J, splits into J,, and J,,. However, the changes
in bond lengths and angles are such that we expect both to
remain small compared to J;. As with the ambient pressure
phase, we expect that the interplane couplings remain
negligible in the R3c structure.

The loss of the mirror plane between the Fe’* ions
removes a symmetry constraint for the direction of D [20]
which could influence the magnetic order. In the ambient-
pressure R3m structure, D is constrained to lie within the
mirror plane, with a negative D, stabilizing a positive
vector chirality and D, causing canting of the spins out of
the plane [12,17]. When the mirror plane is removed in the
R3c structure, the symmetry constraint lifts and D, can
rotate, although we anticipate that this rotation is small.
Moreover, the positive vector chirality state is still allowed
in the R3¢ space group [94].

Instead, we hypothesize that a pressure-driven quenching
of the antisymmetric exchange produces the observed
vanishing of magnetic order. At ambient pressure, D lifts
the energy of the kagomé zero modes which in turn
promotes long-range magnetic order and explains the
relatively high Ty [14,17]. In the R3¢ structure, the apical
oxygen ions shift and the (Fe — O),, bond splits lifting any
remnant degeneracy in the crystal field splittings. This acts
to quench any orbital angular momentum L arising from
mixing with low-lying excited states. As D is proportional
to L, a quenching of L at high pressures would quench the
DM term and effectively lower the zero modes back
towards zero energy. The same arguments apply to the
single-ion anisotropy which is an alternate source of zero
mode lifting [14,17]. This could be investigated in the
future by high temperature susceptibility measurements
and Fe L-edge [95] spectroscopy at high pressure to test for
a deviation of the Fe ions from the S = 5/2, L = 0 state.
We note that the material may be magnetically ordered at
temperatures below the limit of detection of these experi-
ments, suggesting future investigations into the magnetic
structure at these extreme conditions.

Based on the data herein, we exclude certain possible
magnetic ground states in the measured region. We exclude
as a possibility a spin glass state, which shows signatures in
Mossbauer measurements that are not observed herein [96].
Likewise, we exclude a conventional quantum spin liquid
state or a valence bond solid state given the classical nature
of § = 5/2 spins [1-4,97,98]. From the vanished Byp, we
conclude that the pressure-induced phase is distinct from
the field-induced phase in jarosite [12]. Lastly, a nonzero
value of the Coulomb repulsion U is required to maintain a
high spin state at high pressure in the DFT calculations, and
as such the material is predicted to remain insulating across

P*2 (Fig. S33 in the Supplemental Material [46]). The
results of the DFT calculations imply that an insulator-to-
metal Mott transition does not occur. Additionally, we do
not observe any optical signatures of metallization with
pressure [99,100]. However, the observed linear increase
in Ty followed by a dramatic quenching of magnetic
order is similar to the pressure-induced metallization events
which occur in several transition metal halides [101-103]
and we anticipate that future studies of the resistivity
of this material at extreme conditions will be extremely
illuminating.

Our unexpected finding of the dramatic collapse of the
magnetically ordered g = 0 state in jarosite at high pressure
suggests there is much remaining to be discovered in the
phase space of 2D magnetically frustrated materials.
Additional theoretical and experimental work on the rare
twisted kagomé lattice with competing symmetric and
antisymmetric exchange interactions will contribute to
our understanding of this unusual phenomenon.
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