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ABSTRACT: Uranium(IV) Sf* magnetism is dominated
by a transition from a triplet to a singlet ground state at
low temperatures. For the first time, we achieved magnetic
ordering of U(IV) atoms in a complex fluoride through
the incorporation of 3d transition metal cations. This new
route allowed us to obtain an unprecedented series of
U(IV) ferrimagnetic materials of the new composition
Cs,MU,F,;, (M = Mn*", Co*, and Ni**), which were
comprehensively characterized with respect to their
structural and magnetic properties. Magnetic susceptibility
measurements revealed ferromagnetic-like phase transi-
tions at temperatures of ~14.0, 3.5, and 4.8 K for M =
Mn**, Co**, and Ni**, respectively. The transition is not
observed when the magnetic M cations are replaced by a
diamagnetic cation, Zn**. Neutron diffraction measure-
ments revealed the magnetic moments of 0.91(6)—
1.97(3) up on the U atoms, which are only partially
compensated by antiparallel moments of 1.53(14)—
3.26(5) pg on the 3d cations. This arrangement promotes
suppression of the transition to a diamagnetic ground
state characteristic of U(IV), and in doing so, induces
magnetic ordering on uranium via 3d—5f exchange
coupling.

ranjum exhibits a wide range of oxidation states, ranging

from +2 to +6,' > with the +4 and +6 states being most
prevalent in the solid state. The +6 state is exceptionally stable
at elevated temperatures in air, making U(VI) compounds
among the most studied phases of existing uranium
compounds.”™"" Fully oxidized uranium, however, has an
empty Sf shell and is thus of little interest for the purpose of
studying the magnetic behavior of Sf electrons. On the other
hand, reduced uranium compounds having Sf electron(s)
present a valuable opportunity to study their magnetic
behavior; complex cases involving exchange coupling with
other magnetic elements are of particular interest.'”””'” An
understanding of U(IV) compounds magnetic properties has
not been fully developed as a result of several challenges posed.
The synthetic challenges can be overcome by using the mild
hydrothermal synthesis route.”’”>” The most significant
challenge present, however, is intrinsic to U(IV), specifically
the fact that U(IV) tends to undergo a transition from a
magnetic triplet to a nonmagnetic singlet ground state by
pairing of the two Sf electrons.”® It has been demonstrated,
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however, that the crystal electric field effects in some fluoride
compounds do not lead to this transition, although the
resulting phases, so far, are limited to those that exhibit only
paramagnetic behavior.””*" In fact, there are only a few binary
and ternary U(IV) compounds that have been shown to
undergo ferro- or antiferromagnetic transitions, while there is
no ferrimagnetic U(IV) compounds reported so far.”' ~>*

In order to overcome the singlet ground state transition and
to develop an approach to the synthesis of U(IV) magnetic
materials, we sought to induce a persistent magnetic ordering
on the U(IV) cations by introducing other magnetic ions, such
as lanthanides and transition metals (Scheme 1). To achieve

Scheme 1. Schematic Illustration of a Successful Route
toward Uranium(IV) Ferrimagnetic Materials
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this goal, we modified the existing mild hydrothermal synthesis
and, by using methanol absorbed by PTFE-liner, employed an
additional reducing agent to ensure the U(VI) to U(IV)
reduction. This effort has resulted in a novel family of
quaternary U(IV) compounds with the composition
Cs,MU;F,, where M is a divalent metal. Magnetic
susceptibility measurements on the compounds with the
magnetic Mn**, Co*", and Ni*" cations exhibit, for complex
U(IV) compounds, unprecedented ferrimagnetic phase tran-
sitions at low temperatures. The magnetic structures of these
compounds, revealed by neutron diffraction, shed light on the
origin of this magnetism, highlighting the importance of
infinite (—M—U;F,,—),, pillars in its formation. In this
Communication, we report on the synthesis, structure, and
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fully characterized ferrimagnetic transition in these com-
pounds.

All members of the Cs,MU,F,; series were obtained via a
mild hydrothermal route that involves an in situ reduction step
with methanol absorbed by the walls of the reaction vessel.
Before each reaction, a 23 mL PTFE liner was charged with 2
mL of methanol and dwelled at 200 °C for 2 h. After methanol
was removed from the reaction vessel, uranyl acetate, M>*
acetate, and CsCl were loaded into the liner and HF was added
as a fluorinating agent. The reaction was carried out at 200 °C
for 36 h. The resulting product was washed several times with
an excess of deionized water to ensure the dissolution of M
fluorides, leaving a phase pure sample of the target phase.
Notably, only U(VI) compounds could be obtained if the
PTFE liner had not been washed with methanol prior to
reaction, suggesting that the methanol absorbed by the liner
participates in the U(VI) in situ reduction step along with the
acetate anions from the uranyl and M>* salts. We could not
reproduce the same effect by adding methanol to the reaction
mixture. Single crystals of the compounds with M = Mg*,
Mn?*, Co*', Ni**, and Zn>" were obtained in good yield and
structurally characterized.

All five compounds crystallize in the centrosymmetric
hexagonal P6;/mmc space group. The main structural feature
is a U(IV) fluoride sheet consisting of uranium trimers
connected through a y;-F~ anion; the trimers connect to each
other by edge-sharing. The U(IV) sheets are connected to each
other by M** cations, which creates a channel containing
framework in which the Cs atoms are located (Figure 1).

Figure 1. View of the Cs,MnU;F structure. [UsF4]*" sheets
(green) are composed of uranium trimers, which are connected into
sheets. The framework is formed by connecting the sheets through
MnF; (pink) octahedra with cesium atoms (blue) between them.

Three fluoride ions from the top of one trimer and the bottom
of another, located above it, are coordinated to the M?*
cations. This creates an octahedral coordination environment
for M** consisting of six fluoride ions from two sheets; building
unique (—M—U,F,,—),, pillars, which play a crucial role in the
magnetism of these compounds.

The molar magnetic susceptibility (¥mo1) measurements on
the transition metal containing samples were carried out using
a Quantum Design Magnetic Properties Measurement System.
A Curie—Weiss law fit for Cs,ZnU;F 4 at high temperatures
shows a paramagnetic moment of 3.22 y5/U(IV) atom. The
other three samples, which contain a second magnetic cation,
follow the Curie—Weiss law with a transition at low
temperatures consisting of a sharp increase in the magnetic
susceptibility (Figures 2, S6, and S8). Since the fluoride ion is a
weak field ligand, Mn®* in Cs,MnU5F ;4 is expected to adopt a
high spin configuration with S = 5/2. Co**, and Ni** have spins
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Figure 2. Molar magnetic susceptibility vs temperature (top and
middle), magnetization vs field (top, inset), and neutron diffraction
intensity of a magnetic reflection at € = 30.50° vs temperature
(bottom) plots for Cs,MnU,Fq.

of 3/2 and 1, respectively. Using the calculated spin-only
moments for the M*" atoms and the observed magnetic
moments derived from Curie—Weiss law fit at high temper-
atures, the magnetic moments per U(IV) atom were
determined to be (Table S3) 3.22, 3.98, and 3.34 yg. Negative
Curie—Weiss constants of —41.5, —53.3, and —51.1 K are
indicative of antiferromagnetic interactions in the compounds.
While the magnetic moments on the U atoms in Cs,MnU,F 4
and Cs,NiU;F 4 agree well with the expected 3.58 uy value
calculated for the *H, ground state of U, Cs,CoU;F,4 exhibits
a significant deviation, likely due to incomplete quenching of
the orbital contribution to the magnetic moment.

There is a striking difference between the low temperature
magnetic susceptibilities observed for the nonmagnetic Zn-
containing compound versus the magnetic 3d cation
containing compounds. Cs,ZnU;F 4 shows a typical transition
to a nonmagnetic singlet ground state followed by a drop of
the material’s magnetization (Figure S6). The Mn-containing
compound undergoes an apparent magnetic transition at
~14.0 K. At 2 K, zero field cooled (ZFC) and field cooled
(FC) plots differ significantly, yielding a molar susceptibility of
~0.17 and ~0.86 emu mol™!, respectively. The splitting of
ZFC and FC curves indicates a ferromagnetic-like ordering in
the material. Beginning at ~7.5 K, both ZFC and FC curves
overlap. The magnetization versus field plot (Figure 2, inset)
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collected at 2.0 K shows a hysteresis loop with a coercive field
of 0.60 T, supporting the presence of magnetic ordering.

Complete characterization of this intriguing magnetic
behavior could only be achieved by determining the magnetic
structure, which was accomplished by a series of neutron
diffraction experiments performed on the HB-2A diffractom-
eter at the High Flux Isotope Reactor at Oak Ridge National
Laboratory (USA).>>*® Apparent magnetic diffraction peaks
are observed in a region of 15—50° at 1.5 K, below the
magnetic transitions (Figures S$11—S13). For Cs,MnU,F,, the
intensity of the magnetic peak at € = 30.50° starts to deviate
significantly from the background level when crossing the
transition temperature at ~14.1 K, which is in excellent
agreement with the value of 14.0 K obtained from the
susceptibility measurements. The magnetic reflections were
fitted using a k = (1/3, 1/3, 0) propagation vector, leading to a
magnetic unit cell that is nine times larger than the nuclear unit
cell. The solution to the magnetic structure was found in the
P6y/mc'm’ (#193.260"") magnetic space group with R, =
4.67% (Figure 3). In the magnetic structure, the magnetic
moments of 1.97(3) and 3.26(5) ug aligned parallel to the ¢
axis are found on the U and Mn atoms, respectively.
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Figure 3. Rietveld refinement plot for the Cs,MnU;F .

The magnetic structure of Cs,MnUj;F 4 is shown in Figure 4.
The manganese atoms and uranium trimers are stacked to
form pillars extending along the ¢ axis. In the pillars, the
moments on the uranium atoms of the trimer are parallel to
each other and antiparallel to the moments on the Mn atoms
in the same pillar. Given that the repeating unit of the (—M—
U;F,,— ) pillar consists of one Mn atom and one U trimer,
there is a net moment of 2.65 py per repeating unit. There are
nine pillars in the magnetic unit cell arranged in a hexagonal
lattice mode. The net moments on the pillars are aligned
collinear with the ¢ axis and tend to be oriented
antiferromagnetically with the neighboring pillars, resulting in
two magnetically distinct types of pillars. The pillars in the first
group have the net moment aligned along the ¢ axis and
surrounded exclusively by pillars with the net moment aligned
in the opposite direction. The hexagonal arrangement of the
pillars and their tendency to align antiferromagnetically results
in frustration since the triangular lattice precludes complete
antiferromagnetic arrangement of the moments (Figure 4,
bottom).*® Due to this, the second type of pillars cannot be
surrounded exclusively by pillars with antiparallel moments,
forcing them to have a total of six neighbors, three of which
have antiparallel and three of which have parallel moments.
The total net moment of the magnetic cell, containing 6 spin
up and 3 spin down pillars, is 15.90 ps.

The same magnetic structure is observed for the other two
analogs, Cs,CoU;F 4 and Cs,NiU;F 4. Smaller moments on
the M sites, 1.70(10) and 1.53(14) py correlate with a decrease
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Figure 4. Magnetic structure of Cs,MnU;F ¢ Uranium trimers and
manganese octahedra carry magnetic moments of 3 X 1.97 and 3.26
py on them. The building units successively combine to form pillars
that align along the ¢ axis in a hexagonal mode. Blue and red arrows
show magnetic moments aligned parallel and antiparallel along the ¢
axis.

in the moments on the U atoms, 0.91(6) and 0.94(9) ug,
indicating a dependence of the moments of the U atoms on the
moment of the coupled 3d metal cation. The lower moments
on the Co** and Ni** atoms also result in a decrease in the
transition temperatures, which are 3.5 and 4.8 K, respectively.

A comparison of Cs,MU;F s and a previously reported
Na,MUF;, series, which exhibits paramagnetic behavior, can
shed light on the structural prerequisites for U(IV) magnetic
ordering. The main feature of the Cs,MU;F 4 structure is the
presence of infinite (—M—U;F,,—),, pillars and U,(p;-F)F,,
trimers, which are both absent in the other structure type. We
performed magnetic susceptibility measurements on
Ni,(H,0)4(U;F ) (H,0),,>° which exhibits the same
[UsF4]* layers found in Cs,MU,F¢ that, however, are
separated not by isolated nickel cations, but rather by
aquonickel species preventing the formation of (—M-
U;F5,— ) pillars and forming (H,0);Ni—U;F,,—Ni(H,0),
finite fragments instead. This compound does not undergo a
magnetic transition down to 2 K (Figure S18), suggesting that
the infinite (—M—U,F,,—),, pillars perform a crucial role in
the magnetism of the Cs,MU;F ¢ series.

In conclusion, we synthesized a family of unique quaternary
uranium(IV) fluorides that exhibit simultaneous spin ordering
on U(IV) and M = Mn?**, Co*, and Ni** cations at low
temperatures. The source of their ferrimagnetic behavior,
unprecedented for complex uranium fluoride compounds, is
the presence of 3d cations in the infinite (—M—U;F,,—)
pillars that couples the magnetic moment on the uranium atom
with that of the magnetic transition metal cation. The pillars
tend to align their magnetic moments in an antiparallel
orientation, but their triangular lattice arrangement leads to
frustration, resulting in a nonzero net moment for the magnetic
unit cell. Achieving exchange coupling between U(IV) and
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transition metal cations in triangular lattices is a highly
promising outcome, as it identifies one structural requirements
for future uranium(IV) magnetic materials.
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