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Electron Correlations on a Mesoscopic Scale:
Magnetic Properties of Transition Metal Telluride Cluster Compounds

T. T. M. Palstra, M. L. Steigerwald, A. P. Ramirez, Y.-U. Kwon, S. M. Stuczynski, L. F. Schneemeyer,
J. V. Waszczak, and J. Zaanen

ATc% T Bell Laboratories, 600 Mountain AI. enue, Murray Hill, New Jersey 07974
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We report the magnetic properties of a new class of materials: Ni9Te6"+ and Co6Tes"+ with
n -0, 1,2. These cluster compounds, which can be charged by chemical means from neutral to 2+, pro-
vide a unique and novel way to change the Fermi level. For most charge states we observe quenching of
the spin and orbital moments at low temperatures, accompanied by a large value for the temperature in-
dependent susceptibility of the ground state. The generic presence of low-energy magnetic excitations in
these compounds indicates that these systems exhibit strong electron correlations and form mesoscopic
analogs of the mixed-valence-heavy-fermion compounds.

PACS numbers: 75.20.Hr, 36.40.+d

Traditionally, the study of materials has shown a di-
chotomy between the domain of chemistry, focusing on
rather small molecular units, and that of solid state phys-
ics, dealing with macroscopic aggregates of atoms. Be-
cause of novel preparation techniques it has become pos-
sible to narrow this gap. In physics advanced lithograph-
ic techniques have resulted in novel structures in the area
of mesoscopic physics. In chemistry new preparational
approaches have yielded relatively large clusters of atoms,
with properties diAerent from the molecular and macro-
scopic scales [1].

The problem of strongly correlated electrons has been
extensively studied in bulk systems. Recent work on the
Kondo eA'ect in quantum wires, however, has demonstrat-
ed that new phenomena emerge when such systems are
reduced to mesoscopic size [2]. In general, little is known
about physics at these length scales apart from localiza-
tion studies, and the cluster analogs of itinerant magnets
[3,4]. We approach this problem from the other side,
namely, by building up from the atomic length scale, to-
wards more complicated mesoscopic systems. For this
purpose, we have synthesized a new class of cluster com-
pounds: Ni9Te6"+ and CoBTe6"+ with n =0, 1,2. These
materials offer some unique properties: (I) The clusters
are completely identical, order in a regular lattice, and
large single crystals can be grown; (2) the passivating
ligands form a weak bond to the cluster (different from,
e.g. , the metal-carbonyl clusters [4]); and (3) the clusters
can be obtained in various charge states, without chang-
ing the structure significantly.

Our results indicate that the magnetic properties are
unparalleled in either bulk or molecular magnetism [5,6].
The high-temperature moments are large and vary
strongly with cluster and charge state, as is usual for
small complexes containing d or f ions. However, we find
as a generic feature that the eAective moment is strongly
reduced in the ground state. Moreover, we identify a
large paramagnetic contribution to the low-temperature
susceptibility, additionally indicating low lying magnetic
excitations. At the same time, we expect that charge ex-

citations are pushed to high energies, at least by finite
size effects (the highest occupied molecular orbital-low-
est unoccupied molecular orbital gap -0.2 eV). We ar-
gue, following ideas by Fulde and co-workers [7], that
these clusters form mesoscopic analogs of the mixed-
valence-heavy-ferm ion materials.

In Fig. 1 we show the two cluster compounds under
discussion. Each structure is completed by a passivating
layer of neutral ligands of triethylphosphine (L). The
ligands form a weak bond to the surface of the cluster
and provide a gentle barrier between neighboring clus-
ters. (These materials are electrically insulating. ) Elec-
trons can be chemically removed from the cluster se-
quentially; thus each salt (Ni9Te6Ls) "+(BF4)" and
(CosTe6L6)"+(BF4)" with n =0, 1,2 can be made as a
pure solid. It was found that the structures change very
little with electron count n.

We characterize the electronic state of the clusters
by magnetization measurements, using a commercial
SQUID magnetometer (Quantum Design). In Fig. 2 we
show the effective magnetic moment pdr (defined as
J8gT) versus temperature T of all cluster compounds
under discussion. This figure shows that the high-
temperature eAective moments per cluster are compara-
ble to the value of a single metal ion. This indicates that
the magnetic properties are related to the electronic
structure of the cluster as a whole, and not to the magne-
tism of the individual atoms. At low temperature the mo-
ments decrease rapidly for four of the six compounds. It
is difficult to obtain ground state moments from these
measurements. Therefore, we have used another method
to study the ground state properties.

In Fig. 3 we show the magnetization versus magnetic
field at four temperatures: 2, 3, 5, and 10 K for the com-
pound Ni9Te6'+. The magnetization increases rapidly
with magnetic field up to values of —1.5@a/cluster, but it
never saturates even at the highest fields and lowest tem-
perature. For a local moment system the magnetization
should saturate when the magnetic field exceeds thermal
energies, and is described by a Brillouin function. Thus,
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FIG. 2. Temperature dependence of the effective magnetic
moment p,fr= J8gT of Ni9Te6"+ and Co6Tes"+ with n =0, 1,2
measured in a field of 0. 1 T.

FIG. 1. (a) Crystallographically determined structure of
Ni9Te6(PEt3)s. The large circles represent Te atoms, the small
circles Ni atoms, and the intermediate-sized circles represent P
atoms of the passivating ligands. The C and H atoms have been
omitted for clarity. The average center-Ni surface-Ni distances
are 2.47 A. The average center-NiTe distance is 2.98 A. The
average surface-NiTe distance is 2.55 A. Upon oxidation the
cluster contracts slightly ((1%). Complete structural details
are given in Ref. [8]. (b) Crystallographically determined
structure of Co6Tes(PEt3)6. The large circles represent Te
atoms, the small circles Co atoms, and the intermediate-sized
circles represent P atoms of the passivating ligands. The C and
H atoms have been omitted for clarity. The average Co-Te dis-
tance is 2.52 A. The average Co-Co distance is 3.23 A. Upon
oxidation the cluster contracts slightly ( ( 1%). Complete
structural details are given in Ref. [9].
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ing a small, noninteracting moment of only 0.15pz and
0.32pg, respectively.

For the Co-Te cluster we find for the uncharged cluster
a nonmagnetic ground state (M„&=0.02pz). The singly
charged cluster has a ground state moment of —1p~. Fi-
nally, the doubly charged Co-Te cluster exhibits a mag-
netic moment of —2pa /cluster. We note that this
ground state moment is reduced enormously from the
eAective moment at room temperature of —8p~. The
low- and high-temperature moments are listed in Table I.

the susceptibility of the cluster has superimposed on the
Curie behavior another contribution. The simplest model
is to assume at low temperature a temperature indepen-
dent susceptibility of Van Vleck type. We can separate
these two terms by subtracting a constant value gyyH
from the measured M(H), and plotting the data as
Mm gyyH versus 8/T (magnetic field over tempera-
ture) [see Fig. 3(b)]. For the proper choice of gyy, the
measurements nearly coalesce onto one line. The temper-
ature dependent term fits the Bril lou in function and
yields a saturation moment M„tof roughly 1pz. This
shows that the magnetic ground state consists of a single
spin-only electron per cluster and no interactions between
the clusters. Turning now to the uncharged and the dou-
bly charged Ni9Te6 clusters, a similar analysis shows that
these clusters have a nonmagnetic ground state, exhibit-
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FIG. 3. Magnetic field dependence of the magnetization of
Ni9Te6'+ at 2, 3, 5, and 10 K. (a) shows the raw data. (b)
shows the same data replotted as M gvvH versus 8/T, and-
compares the data with the theoretically expected Brillouin
curve, using M»t =1.18pq/cluster.
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TABLE I. Compilation of the magnetic data on the cluster
compounds Ni9Te6"+ and Co6Te8"+.. saturation moment M»t,
room temperature eff'ective moment p,g, temperature indepen-
dent magnetic susceptibility g», derived from the low-

temperature M versus H curves (see text), and the energy gap
between the ground state and the excited state. cl denotes clus-
ter.
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FIG. 4. Schematic representation of the orbital levels of
Ni9Te6 + near the Fermi level as calculated by Wheeler [12].
A uniaxial distortion yields two groups of four orbitals split by
the uniaxial field.

Co6Te8 +

Co6Tes
Co6Te82

0.02
0.8
1.8

0.9
1.7
8.2

—0.02
0.00
0.35

At the outset of the discussion we emphasize that the
spins are delocalized over the whole cluster. A local mo-

ment picture involving S =1 Ni + and S =
2

Ni'+ for
Ni9Te6"+, and S =2 Co + and S=

2 Co + cannot ac-
count for the observed high-temperature moments. First,
in a local moment picture the moments of both com-
pounds should increase when removing electrons (the 3d
orbitals are more than half filled), which is in disagree-
ment with the data for Ni9Te6"+ (see Table I). Second,
the moment change in a local moment picture when re-
moving one electron from a cluster is less than 5%,
whereas, e.g. , the moment change for Co8Te6"+ is a fac-
tor of 4. Finally, the extended solid of Ni9Te6, bulk
NiTe, has also delocalized orbitals and is a p-type sem-
imetal [10]. Because of the low electronegativity of Te,
the holes have a large amplitude on Te, tending to weak-
en the eAects of interactions, and a rather conventional
metal results. The formal charge of the Ni is 1.33+ for
Ni9Te6 +. We would expect that this mixed valence na-
ture will further reduce the eA'ect of magnetic interac-
tions. Extrapolating these properties of the bulk to the
clusters, we expect the clusters to be in the lowest spin
state (5=0 or —,

' ) [ll]. However, in striking contrast
with the bulk compounds, the moments are large and one
has to reconcile the large moments at room temperature
with the low-spin ground states.

Now, having shown that the spins are delocalized over
the cluster, we inspect molecular orbital scenarios to ex-
plain the strong variation of the high-temperature mo-
ments. Extended Hiickel (tight-binding) calculations
[12] for the undistorted 01, cluster Ni9Te6 + show orbit-
als of E2g Pig and eg character in the immediate vicinity
of FF. These three orbitals are occupied by 12 electrons,
isolated from other orbitals by relatively large ligand-field
gaps, as shown in Fig. 4. Assuming that the Coulomb in-
teractions are strongly screened by delocalization, the
presence of these other orbitals can be neglected. It ap-
pears impossible to explain the variation of the high-
temperature moments in terms of this set of orbitals.
However, a strong uniaxial field (D4I, ) splits the levels in
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two groups of four orbitals (see Fig. 4). In the neutral
cluster the upper group is half filled, explaining naturally
the larger (S=2) spin, while the spin decreases if elec-
trons are removed, as is observed. Molecular orbital cal-
culations are not available for Co6Te8. However, regard-
less of the actual level structure, the dramatic change in

spin state between n =1 and 2 cannot be accounted for.
Next, we address the temperature dependence of p, ff

below 100 K. A temperature dependent moment is in

fact more the rule than the exception in small d or f com-
plexes [5,6]. This temperature dependence is caused by
the small spin-orbit (SO) coupling in 3d systems. The
unsaturated large temperature moments indicate that the
ligand field splittings dominate, and the temperature
dependence could therefore in principle be due to the SO
coupling. However, this cannot be the case for Ni9Te6 +

or Co6Tes +. In Oh symmetry the spin-only moment can
be reduced at most by one unit (J =5 —1), whereas ex-
perimentally we find a much larger reduction. Another
explanation for the moment reduction is that these clus-
ters undergo a conventional high-spin low-spin transition.
However, these transitions are usually tied to a particular
electron count (e.g. , d for 3d ions) and are accompanied
by a strong coupling to the lattice. In these clusters, how-

ever, the quenching of the moment is a generic feature,
unrelated to electron count and showing no relationship
to the lattice. Therefore, we cannot explain the moment
reduction in terms of either spin-orbit coupling or high-
spin low-spin transitions.

The unconventional character of the magnetism in

these clusters is further emphasized by the paramagnetic
contribution to the low-temperature susceptibility, show-

ing up in all cases where the moment is strongly tempera-
ture dependent. Such a contribution signals the mixing in

by the magnetic field of excited terms into the ground
state, and according to Van Vleck gvv =2p~T/6, with T
the matrix element between the ground state and excited
state, and 5, the energy diA'erence. From a single ion per-
spective the Van Vleck susceptibility in the clusters ap-
pears to be anomalously large. For instance, asserting
that Ni9Te6 is related to the '2

~ low-spin ground state of
d the Van Vleck susceptibility would be given by
@=5.88/6, with 5 in kelvin [5]. In the low-spin Co-
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compound hexamine [5] a gap of 30000 K yields gyy
=2&10, in rough agreement with experiment. The

gyy we observe in the cluster compounds are roughly 3
orders of magnitude higher, which means that the excita-
tion energies are of the order of kelvins, in rough agree-
ment with the energy scales suggested by the temperature
dependence of the moments.

Summarizing our experiments, we find in these clusters
a small energy scale governing the magnetic properties.
The large high-temperature moments are quenched, ac-
companied by a large Van Vleck-like contribution at low
temperatures. This kind of behavior seems to be rather
general among the clusters studied here, occurring in four
of the six compounds we have studied. It seems unlikely
that this is due to an accidental near degeneracy of low-

spin and high-spin terms. In fact, strong parallels exist
with the magnetic phenomenology of heavy-fermion-
mixed-valence metals [13]. Similar to our clusters, these
materials are characterized by local moments ("Ni") im-
mersed in a sea of weakly correlated conduction electrons
("Te"). The interaction between the local moments and
conduction electrons leads to an energy scale for spin ex-
citations which is exponentially smaller than single parti-
cle bandwidths, manifesting itself in the susceptibility as
a crossover between free local moments at high tempera-
tures and quenched moments at low temperatures. More-
over, a large paramagnetic susceptibility is found at low
temperatures, which is now associated with the Pauli sus-
ceptibility, coming from quasiparticles whose (heavy)
mass scale is set essentially by the spin dynamics. This
physics already shows up in the case of a single magnetic
ion in a normal metal, the Kondo problem [14]. Here,
the local spin disappears at a characteristic temperature,
the Kondo temperature Tg.

Recently, Fulde and co-workers suggested that similar
effects might occur in molecular systems [7]. They point-
ed out that the scale for the spin dynamics is only in-

directly related to the finite size splittings between the
single particle states, and the splittings between spin
states can be exponentially smaller than the finite size
splittings, in the same way as the Kondo temperature is
much smaller than a single particle bandwidth or ex-
change integral. In contrast to the ceranocene molecule
considered by Fulde and co-workers, the telluride clusters
cannot be reduced to an effective single impurity prob-
lem. It might be more appropriate to look at the telluride
clusters as the mesoscopic equivalents of the heavy-
fermion-mixed-valence systems. We note that in the
cluster analogs of itinerant ferromagnets no indication is
found for Kondo-like physics.

In conclusion, we have studied the cluster compounds
Ni9Te6"+ and Co6Te8"+, with n =0, 1,2. We observe

moment reduction in the various charge states, accom-
panied by a large value for the temperature independent
susceptibility in the ground state. This indicates a nonac-
cidental low-energy scale for magnetic excitations in
these materials. These results are similar to the magnetic
properties of mixed-valence-heavy-fermion materials.
Further work is needed to characterize the magnetic exci-
tation spectrum, and on other materials of the same type
to see if these effects are as general as suggested by the
present series of compounds.
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