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Solid-state magnetic phase transitions are the focus of intense
research efforts for their singular insights into strongly correlated
electrons. Layered vanadates have attracted considerable interest
as low-dimensional quantum spi8 € 1/2) systems and feature a
remarkable number of examples of spin dimers, ladders, and other
extended spin systems with spin-gapped and/or charge-ordered
states:3 Further, their spin-exchange constants can rival those found
in layered superconducting cuprate$However, the ability to tune
or expand upon their magnetic properties is often hindered by the
absence of functionality or flexibility to target more optimal
structural modifications. Described herein is a surprising new type
of charge ordering that emerges coupled to a spin-gapped state in
M(pyz)V4O10 (M = Zn, Co; pyz= pyrazine), which demonstrates  Figure 1. Unit-cell views of the low-temperature structures of M(pyz)-
the remarkable potential of using metal-organic layers in the pursuit V4O for (A) M = Co and (B) M= Zn. Red and blue polyhedra are ¥O
of advanced magnetic properties. purple= Co, light blue= Zn, yellow = O.

The discovery int-NaV,Os of a magnetic transition to a spin-
gapped ground state has been a prominent but controversial example
of a low-temperature phase transition that was initially classified
as only the second known spin-Peierl’s ladder systémhough,
recent investigations have revealed this transition occurs together
with a unique charge ordering and is more accurately described as
a spin-superantiferroelectric (spin-SAF) transitlof? In this model,
the unpaired electrons on the Y€tragonal pyramids both charge
disproportionate (2¥5" — V4* + V5%) into a 2D-ordered zigzag
pattern at low temperatures, and as well, a spin gap opens.
Theoretical models suggest an intriguing interplay of spin and
charge degrees of freeddit but further insights are limited by
the singularity of its existence. Moreover, the attempted low-
temperature structural determinationséefNaV,Os are hindered
by its many different superstructures, manifested as a “devil’s
staircase”-type behavior with temperature or pres§uRresented
herein is low-temperature single-crystal X-ray evidence for the first
known hybrid oxide/organic solid to exhibit the new proposed spin-
SAF transition, but with the incorporation of metal-organic layers
that yield both a distinctly new and better characterized charge
ordering in Zn(pyz)\O10 and its complete suppression in the
isostructural Co(pyz)¥Oo.

The synthesis of M(pyz)¥Oi1o (M = Zn, Co) was performed
according to the reported procedures, with the crystals exhibiting
a transition to a nonmagnetic singlet ground staf&.at 22 K for
M = Zn.16 To probe the origins of this transition, a black-colored
crystal of each was selected for a single-crystal X-ray analysis at
T =12 and 10 K for M= Co and Zn, respectively. The lattice
parameters and space group for Co(pwO)§ matched well with
the higher temperature structure determinatfomithin space group
Cmcmanda = 14.3108(4) Ab = 6.9979(9) A, and: = 11.4476-

(7) A. However, Zn(pyz)¥Oi, showed a clear lowering of
symmetry toC222 with a =14.438(1) Ab = 6.9788(5) A, ana:
= 11.4743(5) A. The unit-cell volume of Co(pyz)®y, decreases

Figure 2. The charge-ordered vanadate layer of Zn(py©\, drawn using
(A) polyhedra (\**, blue; \#*, red) and Zn(pyd" chains, and in a (B)
ball-and-stick structure with atom labels.

(~0.4%) owing entirely to a contraction of threeaxis dimension,
while the unit cell volume for Zn(pyz)¥O;o increases+0.17%)
owing to an expansion of the andc-axes but contraction of the
a-axis dimension.

Unit-cell views of both hybrids are drawn in Figure 1, with Co-
(pyz)V401p (panel A) retaining nearly an identical structure and
atomic coordinates as described previod&lyGenerally, this
structure is comprised of alternating®¢>~ layers and M(py2"
layers of chains. Above the transition temperature, and for=M
Co here, the YO1¢°~ layers are formed from the edge- and corner-
sharing of one symmetry-unique ¥®quare pyramid centered by
V45t on average. Shown in Figure 2A, the late transition metals
are coordinated to two bridging pyrazine ligands and also to the
neighboring vanadate layers above and below. Significantly, this
bonding by the metal-organic layers affects the alignment of apical
O atoms in the vanadate layers, as well as the resulting charge-
ordered state, compared to thatéiriNaV,0Os.

The low-temperature structure of Zn(pyzf™,, by contrast,
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the vanadate layers id-NaV,0s, which undergo a spin-SAF
transition. The spin ladders ti-NaV,Os, shown in Figure 3B, are
similarly constructed from vertex-shared Y@yramids, but with
all apical O atoms oriented in the same direction. This structure
results in antiferromagnetic exchange interactions to neighboring
ladders that are equivalent,(= Jy). Thus, while a zigzag pattern
of charge localization occurs down individual ladders, to neighbor-
ing ladders there are multiple degenerate interactions. This helps
lead to the multiple superstructures, one of which is shown in Figure
3B (bottom). However, in M(pyz)¥O10, the apical oxygen atoms
alternate in an “updown” pattern owing to the coordination by
M to every other pair (Figure 2A). This new layered structure yields
nonequivalent interactions between neighboring ladders, with apical
O atoms either on the samé&)(or opposite Jy) side of the layer,
with J, > Jy by a factor of 4 or more. In this case, the possibility
of multiple superstructures is decreased, along with the formation
' ’ d of a new spin-SAF Il structure. Further, the incorporation of Co-
spin-SAF 11 spin-SAF [ (pyz@* chains that order antiferromagnetically suppresses the

=1

Figure 3. The vanadate intra- and inter-ladder topologies and spin-exchange transition by frustrating the spin alignment on the vanadate ladder.
interactions in Zn(pyz)¥Oio (A) and&-NaV20s (B), leading to the charge- The M(pyz)V4O10 hybrids demonstrate the use of metal-organic
ordered structures &t < Tc (bottom). layers in tuning vanadate layer structures and which we here show

symmetry-inequivalent positions, as shown in all figures as the red can provide general new insights into the origins of magnetic phase
and blue polyhedra. The net atomic displacements around V2 transitions. These examples present many further theoretical op-
primarily produce a shortening of the intralayer ¥@4 distance portunities and challenges, and that will be the source of future
(1.711(4) A;Aq = —0.102 A) and a relatively smaller increase of insights into strongly correlated electron systems.

the V2—-03 distance (2.050(3) AAq = 0.053 A), Figure 2B. The _ _ _
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