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A new family of cuprates, Li2Cu3(SiO3)4 (1) and Na2Cu3(GeO3)4

(2), was isolated in molten salt media. The extended lattices contain
ladderlike periodic arrays of [Cu3O8]10- magnetic nanostructures.
Magnetic properties of the Na2Cu3Ge4-xSixO12 series, where x )
0, 0.86, and 1.72, were systematically studied. The geometrically
induced magnetic couplings are tunable upon cation substitution.

Extended solids consisting of periodic arrays of nano-
structures are attractive because of their simplified structures
and molecule-like (quantized) physical properties. These have
been exemplified by a family of newly developed magnetic
insulators in which the magnetic nanostructures made of
transition-metal (TM) oxides are imbedded in a closed-shell,
nonmagnetic oxy anion matrix, which include silicates,
phosphates, and arsenates.1 Compounds containing structur-
ally confined copper oxide nanostructures have been per-
ceived as a model for spin-spin and spin-lattice correlation
studies,2,3 leading to a fundamental understanding of mag-
netic phenomena associated with cuprate superconductors.
Also, TM oxide containing oxy compounds of this kind have
been the recent subject of many studies3a,4 complementary

to the so-called single-molecule magnets5 and molecular
nanomagnets,6 which exhibit nanometer-sized single-domain
magnetic particles with high-spin ground states. In this
Communication, we report a fascinating family of cuprates,
Li 2Cu3(SiO3)4 (1) and Na2Cu3(GeO3)4 (2), that exhibit
ladderlike periodic arrays of [Cu3O8]10- nanostructures. This
spin trimer system possesses by far the closest molecule-
like multinuclear nanostructures that we have observed,
judging from their comparable magnetic behaviors with those
of a reported CuII trimer complex.7

1 and2 form platelike blue crystals grown in molten salt
media.8 1 was serendipitously discovered in a reaction as a
result of accidental incorporation of the silicate anion from
the employed quartz ampule.9 Attempts to produce1 in high
yield failed but were successful in isolating its Na/Ge
analogue,2. Discussion of the structure and properties of
this novel series of cuprates is, therefore, based on2 and its
Si-doped Na2Cu3Ge4-xSixO12 (x ) 0.86 and 1.72) analogues.10

It is noted that an isomorphous phase, Na2Cu3Si4O12,
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containing interwoven [Cu3O9]∞
12- and [SiO3]∞

2- metasilicate
chains was previously reported.11

The most prominent structural feature of this series lies
in the ladderlike arrangement of periodic arrays of [Cu3O8]10-.
These trimers are embedded in an extended lattice exhibiting
a pseudo-one-dimensional channel framework. The electro-
positive cations, Li+ and Na+, reside in channels constructed
by six corner-sharing polyhedral units (2× CuO4 and 4×
GeO4), as shown in Figure 1. The [Cu3O8]10- trimers are
constructed by three square-planar CuO4 units sharing trans
edges in a linear fashion, which is indicated by the nearly
180° dihedral angles. The trimeric nanostructures are stacked
along [001] [see Figure 2 (left)], and each shares its vertex
O atoms with six [GeO3]∞ metagermanate chains facilitating
lattice propagation along theab plane.

In 2, the intratrimer Cu-O bond distances are between
1.92 and 1.98 Å, which are comparable with 1.95 Å, the

sum of the Shannon crystal radii for the four-coordinate Cu2+

(0.71 Å) and O2- (1.24 Å).12 The edge-shared CuO4 units
lead to relatively small Cu(1)-O(1)b-Cu(2) and Cu(1)-
O(4)b-Cu(2) bridging angles of 102.2(1)° and 100.0(2)°,
respectively, and a short Cu-Cu distance of 3.03 Å across
the shared edge.

The [Cu3O8]10- intertrimers are coupled through apical O
atoms, giving substantially long Cu-O distances and near
90° Cu-O-Cu bond angles. Along the stacking direction,
each center Cu has two long Cu(1)-O(5)t bonds [2.694(4)
Å] through the terminal O atoms of neighboring trimers, as
indicated by the dotted lines. Similarly, the two side Cu
atoms each have one long Cu(2)-O(4)b bond [2.553(5) Å]
through the bridging O atoms of the neighboring trimeric
unit. The intercluster Cu(1)-Cu(2) and Cu(2)-Cu(2) dis-
tances (dashed lines) are 3.349(1) and 3.273(1) Å, respec-
tively, and∠Cu(1)-O(5)-Cu(2),∠Cu(1)-O(4)-Cu(2), and
∠Cu(2)-O(4)-Cu(2) are between 91.4 and 94.6°.

Judging from the bond distances and angles with respect
to the Cu-O framework (Table S2 in the Supporting
Information), three possible exchange pathways can be
discerned, as highlighted by an isosceles triangle made of
one intratrimeric and two intertrimeric couplings in Figure
2 (right). This exchange network may exhibit both frustration
and topological ferrimagnetism.13

The preliminary analysis of magnetic data suggests that
spin interactions in this family of compounds are predomi-
nantly antiferromagnetic (AFM), which is attributed to
intratrimer spin coupling.14 Figure 3 shows the temperature-
dependent (2-300 K) magnetic susceptibilityø and inverse
magnetic susceptibilityø-1 of Na2Cu3Ge4O12 taken in a small
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Figure 1. Perspective view of2 showing channels.

Figure 2. Partial structure of2 showing (left) the ladderlike lattice made
of [Cu3O8]10- trimers (rungs) interconnected by [GeO3]∞ metagermanate
chains (rails) and (right) the arrangement of Cu2+ magnetic cations. The
dotted lines represent long Cu-O bonds, while the dashed lines indicate
weak magnetic interactions via these long bonds (see the text).

Figure 3. Temperature-dependent magnetic susceptibilityø and inverse
magnetic susceptibilityø-1 of Na2Cu3Ge4O12 taken at a field of 100 G.
Three linear regions of theø-1 vs T curve are outlined by red dashed lines
(see the text).
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applied field (H ) 100 G). Theø-1 vs T plot discloses, to a
good approximation, three linear regions (outlined in red
dashed lines) that are separated by a broad crossover range.
The Curie-Weiss (C-W) fit using ø ) C/(T - θ) in the
temperature range 120 Ke T e 300 K results in a rather
large effective magnetic moment,µeff ) 2.6(3)µBM per Cu2+

ion (as opposed to 1.73µBM of the spin-only value) and very
negativeθ ) -404(7) K. Sighting along theø-1 vs T curve,
one can capture the discontinuity of the slope occurring at
ca. 100 K, followed by a broad transition before the second
AFM region starts at ca. 50 K. The linear fit of theø-1(T)
vs T curve in the lower temperature range over 26-50 K
results in a much less negative Weiss constantθ ) -25(2)
K and a reduced Curie constant (by a factor of close to 4.5)
and, in turn, calculatedµeff ) 1.2(2)µB. The trend is pointing
toward the possible existence of additional intertrimer
ferromagnetic (FM) interactions.

Additional magnetic studies clearly show the expected
field dependence of magnetic susceptibilities. In an increased
magnetic field (H ) 0.5 T),µeff is suppressed and the Weiss
constantθ becomes less negative. Compared to2, the same
C-W fit in the temperature range 110 Ke T e 300 K results
in a smallerµeff ) 2.3(2) µBM and decreasedθ ) -353(5)
K. The curve-fit values over the temperature range 25-60
K also vary correspondingly, i.e., 1.17(8)µBM and-26.5(3)
K, respectively.

Additional evidence showing weak intertrimer magnetic
interactions lies in the cell volume dependence of magnetic
susceptibility upon Si doping. For comparison, Figure 4
shows theø andøT (inset) vsT plots of thex ) 0 and 1.72
phases taken atH ) 0.5 T. The latter shows a comparable
µeff ) 2.4(2)µBM, according to the C-W fit of the ø-1 vs T
curve over the same temperature range, but significantly
increasedθ ) -196(3) K. As expected, the fit overT )
8-42 K results inµeff ) 1.27(9)µBM andθ ) -14.4(2) K.

It is noted that the large negativeθ value at high
temperatures is consistent with what is expected according
to the Goodenough-Kanamori-Anderson rule,15 where
edge-shared CuO4 chains usually result in a relatively large

AFM coupling if ∠Cu-Ob-Cu is larger than 90°. The less-
negative trend upon Si doping suggests a contribution due
to the above-mentioned ferrimagnetism.

Further analysis indicates that the bulk magnetic suscep-
tibility could be attributed to the combination of predomi-
nantly intratrimer AFM coupling and weak intertrimer FM
interaction. It is evident that, below 20 K, the existing FM
component dominates. It overcomes the decrease in the
magnetic moment, as shown by the upturn of theø vs T
curve observed in the Si-doped sample (Figure 4). The inset
also shows an increase in theøT value over the entire
temperature range, suggesting a possible intertrimer spin
coupling, which increases as the cell volume decreases. The
latter could be attributed to geometrically frustrated magnetic
coupling viaµ3-O(4) (Figure 2). The overall FM contribution,
nevertheless, is weak because of the corresponding long
intertrimeric Cu(2)-O(4) distances. The narrowed intertrimer
bridging angles upon Si doping (Table S3 in the Supporting
Information) could account for an increased FM interaction.
Subsequently, thex ) 1.72 phase, unlike2, gives a nonzero
øT interception at 0 K, e.g., 0.42µBM per Cu2+ ion. In fact,
we do observe a small departure of susceptibility data
measured in zero field cooling (ZFC) from that in field
cooling (FC) (Figure S5 in the Supporting Information) on
the polycrystalline sample.

As a final remark, this new series of cuprates possesses a
rich magnetic phase diagram, and detailed investigations are
underway to address the origin of otherwise exotic magnetic
ground states. Nevertheless, the title compounds offer an
ideal system that consists of nearly molecule-like nanostruc-
tures for structure and property correlation studies of
magnetic importance. We have demonstrated that, through
cation substitution, the geometrically induced magnetic
couplings are systematically tunable upon variation of
internal chemical bonding.
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Figure 4. Temperature-dependent magnetic susceptibilitiesø andøT (inset)
of Na2Cu3Ge4-xSixO12 (x ) 0 and 1.72) taken at a field of 0.5 T.
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