
agreement with recent theory20 make the former possibility attrac-
tive, we cannot rule out the latter without comparison to a more
complete calculation of charge noise in QDs.

We have also examined non-equilibrium charge fluctuations in a
second sample (S2). We modified our design by removing the 2DEG
immediately to the left of the dot with a wet etch (inset, Fig. 4a).
Doing so does not prevent formation of a QD (Fig. 4b), and allows
us to observe switching due to tunnelling between the dot and its
source and drain. Both a time-domain analysis and d.c. current
measurement (Fig. 4a) show a wide Coulomb-blockade region near
zero bias. As the bias increases, the counts N c detected by the RF-
SET rise first, followed later by a detectable current I. This is in
agreement with the single level model discussed above, which gives
I < eGSGDf ðESÞ=ðGSþGDÞwhen, for example, the source is close to
resonance with an unoccupied dot level (Fig. 4c). Here GS and GD

are the couplings between the dot and its source and drain and ES ¼

2ECQD
1
2 2

QQD

e

� �
þ 1

2 eVSD: The corresponding expression for N c

scaled to units of current is Nce=2Dt ¼ eGSf ðESÞ{GDþ ½1 2

f ðESÞ�GS}=ðGSþGDÞ; the factor of two on the left accounts for the
two transitions an electron makes entering and leaving the dot. The
current senses only electrons that traverse the dot. In contrast, N c

includes electrons that enter and leave the dot through the same
junction (second term in curly brackets), that is, the RF-SET also
detects thermal charge fluctuations at the source junction (Fig. 4c).
If GS < GD, the two terms make roughly equal contributions to N c

just below threshold, and N ce/2Dt . I as measured.
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In an electric field, the flow of electrons in a solid produces an
entropy current in addition to the familiar charge current. This is
the Peltier effect, and it underlies all thermoelectric refrigerators.
The increased interest in thermoelectric cooling applications has
led to a search for more efficient Peltier materials and to renewed
theoretical investigation into how electron–electron interaction
may enhance the thermopower of materials such as the tran-
sition-metal oxides1–4. An important factor in this enhancement
is the electronic spin entropy, which is predicted4–6 to dominate
the entropy current. However, the crucial evidence for the spin-
entropy term, namely its complete suppression in a longitudinal
magnetic field, has not been reported until now. Here we report
evidence for such suppression in the layered oxide NaxCo2O4,
from thermopower and magnetization measurements in
both longitudinal and transverse magnetic fields. The strong
dependence of thermopower on magnetic field provides a rare,
unambiguous example of how strong electron–electron inter-
action effects can qualitatively alter electronic behaviour in
a solid. We discuss the implications of our finding—that spin-
entropy dominates the enhancement of thermopower in
transition-metal oxides—for the search for better Peltier
materials.

In a thermopower experiment, a temperature gradient 27T
drives the diffusion of charge carriers to the cooler end of the
sample. The charge accumulation leads to a net electric field E which
determines the thermopower (or Seebeck coefficient) Q ¼ E/j7Tj
(ref. 7). In conventional metals, the flow of electrons induced by
27T is nearly cancelled by a parallel flow of holes, so that Q is
strongly reduced by the factor T/T F from the ‘natural value’
kB/e < 86 mV K21, where kB is Boltzmann’s constant, e the electron
charge and TF the Fermi temperature7. Moreover, as the currents are
indifferent to the spins, a longitudinal magnetic field Hk 2 7T has
almost no effect on Q. In materials with strong electron–electron
interaction, however, the spin degrees are predicted to produce a
large contribution of the Heikes form2,4,6:

Q¼ m=eT ¼2j=e ð1Þ

where m is the chemical potential, and j (the entropy per electron)
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equals k Bln(g sg c) with g s and g c the spin and configuration
degeneracies, respectively. From equation (1), the enhancement to
Q from spin entropy is of the order kB/e, but it is suppressed to zero
if the spin degeneracy is lifted in a magnetic field (g s ! 1).

Q in NaxCo2O4 (at 300 K) is about ten times larger than in
typical metals8. The role of spin fluctuations, as in heavy-
fermion systems, has been suggested8. Despite Hall effect8, heat
capacity9 and nuclear spin-resonance10 experiments, however,
the enhancement in Q remains puzzling. Experiments have not
ruled out either strong-interaction theories involving spin
configurations11, or conventional interpretations based on
small Fermi surfaces12. By investigating the thermopower and
magnetization in both longitudinal and transverse H, we show
that NaxCo2O4 is in fact a strong-correlation system in which
the spin entropy term accounts for almost all of Q at 2 K and
a dominant fraction at 300 K.

In NaxCo2O4, the Co ions occupy the sites of a two-dimensional
(2D) triangular lattice. Chemical arguments and band-structure
calculations12 show that the O 2p states lie far below the Co 3d states
and the chemical potential falls within the band formed from t 2g

states in Co. Hence the electrons donated by Na ions are distributed
among the Co ions, a fraction (d) of which are in the Co4þ state,
while the rest (1 2 d) are Co3þ. From x ¼ 1.36 (determined by
inductively coupled plasma spectrometer (ICP) chemical analysis of

our crystals), we find d ¼ 0.32. The variation of the susceptibilities
x ab and x c versus temperature T (upper inset in Fig. 1) fitted
accurately to the Curie–Weiss form 1/(T þ v), implying the exist-
ence of large local moments that are antiferromagnetically coupled.
The plot of 1/x ab gives v ¼ 55 ^ 5 K and a moment around 0.87 mB

averaged over all Co ions (m B is the Bohr magneton). This
experimentally constrains the Co4þ ions to be in the low-spin
state, with spin S ¼ 1/2 and moment

p
3 mB, while the Co3þ ions

are in their low-spin S ¼ 0 state (Fig. 1, lower inset), in agreement
with ref. 10.

The in-plane resistivity r displays a T-linear variation below
100 K that is suggestive of strong-correlation behaviour (dashed line
in Fig. 1). As noted in ref. 8, Q (circles in Fig. 1) increases with T to
values much larger than in conventional metals. However, it is the
effect of a magnetic field on Q that is the most informative. The
pronounced effect of an in-plane field H on Q is shown in Fig.
2(Hk 2 7T). Stringent precautions against spurious contributions
to Q were adopted (see Supplementary Information). Even at
moderately high T (30 K), Q decreases significantly in a 14-T
field. Lowering the temperature makes the field-suppression of Q
more pronounced, until at 4 K, Q changes sign and saturates near
12 T to a ‘floor’ value equal to 20.25 mV K21. With further decrease
in T, the floor value itself monotonically decreases to zero. The trace
at 2.5 K shows that Q decreases monotonically to zero in a field of
8 T, and remains at zero over an extended field range.

The strong effect of field on Q is also observed with Hkc (normal
to plane), except that, above 6 K, we observe an additional term that
produces an increase in Q in weak fields. At 4.2 K, Q displays the
same field profile as above, but with a proportionately weaker
decrease (Fig. 3). As the sample is warmed to 10 K and higher, the
relative change in Q is initially positive in low fields. At higher fields,

 

Figure 1 The temperature (T ) dependence of magnetic and transport properties of

single-crystal Nax Co2O4 and electronic states in the Co ions. The in-plane thermopower Q

(circles) and resistivity r (solid curve) are plotted versus T. The T-linear dependence of r

below 100 K is indicated by the dashed line. The upper inset shows the T dependence of

the inverse susceptibilities xab and xc measured in a 5-T field applied in-plane and along

the c axis, respectively. The lower inset is a sketch of the low-spin t 2g states in the Co4þ

and Co3þ ions. The hopping of a hole (arrow) is accompanied by the transfer of a spin-1/2

excitation.

 

Figure 2 The in-plane thermopower Q versus an in-plane Hk(27T ) at selected T. At

4.4 K, Q tends asymptotically at high fields to a negative floor value (20.25 mV K21). At

the lowest T (2.5 K), Q approaches a value unresolved from zero when H exceeds 8 T. The

applied temperature difference dT is less than 0.3 K below 4 K, and about 0.5 K above 4 K.

By using phosphor bronze as the voltage leads, we have eliminated background

contributions to Q (Supplementary Information).
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the negative trend again becomes apparent. The overall pattern in
transverse field is consistent with a positive contribution super-
posed on the term intrinsic to the spin degrees uncovered in the
longitudinal field.

The evidence that the H dependence of Q arises from the
spin degrees of freedom derives from both the transport and
susceptibility experiments. Because an in-plane field couples to
the spin degrees only, but not to the orbital degrees, the strong
H dependence of Q in Fig. 3 must arise from the effect of field
on the spins. In the geometry with Hkc, we reason that the
non-monotonic field dependence of Q also arises entirely from
the effect of H on the spin degrees, as the carrier mean-free
path l < 100 Å estimated from r is far too short to produce
any orbital effect in a field of 14 T. Comparing curves at 4 K in
Figs 2 and 3, we infer that a similar decrease in Q requires a c-
axis field that is 1.4 times larger than the in-plane field. The
close agreement between this ratio and the ratio of the bulk
susceptibilities x ab/x c at 4 K strongly suggests that the field
anisotropies in the magnetization and thermopower exper-
iments have the same origin. The field suppression of Q is
larger with the field in-plane compared with the field along
the c axis because it is easier to align the spins with an in-
plane field.

In conventional metals, a longitudinal field merely changes
the relative populations of the spin-up (þ) and spin-down (2)
electrons without significantly altering the entropy current in each
spin population7. The complete suppression displayed in Fig. 2 is
incompatible with a conventional band picture.

We next discuss how the field suppression may be understood
within a strong-correlation scenario. As shown in the lower inset of
Fig. 4, in the 2D triangular lattice of the Co ions, a fraction d ¼ 1/3
are in the Co4þ state in which S ¼ 1/2, while the rest are in the Co3þ

state with S ¼ 0 (the higher-lying eg orbitals are unoccupied). The

elementary charge-transport process is the hopping of a hole from
Co4þ to Co3þ (Fig. 1, lower inset). A large on-site repulsion
excludes double occupancy of a site by the holes. Because this
process converts the Co4þ (S ¼ 1/2) to a Co3þ (S ¼ 0) and vice
versa, we also transfer a spin-1/2 along with the hole, which implies
a transfer of spin entropy j ¼ kBln2 in zero field. The excitations are
holes carrying charge þ1e and spin-1/2 moving in a sea of Co3þ

sites, which are magnetically and electrically inert. An E field leads to
the heat current JQ ¼ nvk BT ln(2) as well as the charge current
J ¼ nev (with n the hole concentration and v the average velocity).
As the ratio JQ/J (called the Peltier coefficient P)7 equals the product
QT, we obtain the spin-entropy part of Q given in equation (1).
Moreover, because the spin-entropy current is in the direction of the
charge current, this contribution to Q is positive (hole-like) as
observed.

As T decreases below v < 50 K (the antiferromagnetic exchange
energy JAF < v), the spin entropy must decrease rapidly with
incipient magnetic ordering to vanish at T ¼ 0. When T ,, v, the
majority of the spins become antiferromagnetically correlated with
their neighbours, leaving only a small fraction T/v to behave as free
spins. In an E field, this residual population of free spins carries the
spin entropy, although all the holes remain itinerant. This implies
that the ratio JQ/J decreases steeply below v, consistent with the
observed behaviour of Q in Fig. 1.

In a magnetic field, the residual spin entropy j(H,T) is further
decreased, eventually reaching zero when H is strong enough
completely to lift the twofold degeneracy. Modelling the residual
free spins as non-interacting spins with the Landé g-factor g, we
calculate the field dependence of the entropy as:

jðH;TÞ=jð0;TÞ ¼ {ln½2 coshðuÞ�2 u tanhðuÞ}=lnð2Þ ð2Þ

Figure 3 The relative change in Q versus a transverse field Hkc in NaxCo2O4. At 6 K and

lower, Q decreases monotonically with H, but at higher temperatures, Q initially increases

in weak field before decreasing at larger H.

Figure 4 The suppression of the thermopower by an in-plane magnetic field in NaxCo2O4.

The normalized Q is plotted versus m0H/T. Curves measured at various T values (2.5, 6, 8,

10, 12.5, 15, 20 and 25 K) collapse to a universal curve. The lower inset shows the spin-

1/2 excitations in an inert background of Co3þ ions. The upper inset compares the data

curve at 2.5 K (solid curve) with the expression in equation (2) (dashed curve).
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where u ¼ gmBH/2kBT. This dependence should apply to the com-
ponent of Q derived from the spin entropy.

As shown in Fig. 4, the curves of Q in Fig. 2 between 2.5 and 25 K
can be collapsed onto a universal curve when plotted against the
ratio H/T. Using the curve at 2.5 K (which extends to the largest u),
we find that equation (2) provides a remarkably close fit if the Landé
g-factor is 2.2 ^ 0.1 (upper inset in Fig. 4). We view the close fit as
confirming evidence that the entropy current observed in the
thermopower indeed derives entirely from the spin-1/2 excitations,
and the complete suppression of Q reflects the removal of the spin
degeneracy by the applied field.

We note that, at each T, the observed Q is composed of several
distinct contributions. Application of a strong longitudinal H
completely suppresses only the spin-entropy term, leaving the
remaining terms unaffected (the configuration entropy kBlng c, for
instance) which are revealed as the floor value at high fields. In Fig. 2,
these terms amount to 20.25 mV K21 at 4.4 K and rapidly vanish
at lower T. We emphasize that the spin entropy contribution to Q
is not restricted to low T. Measurements at high fields (30 T)
show that Q is suppressed by about 20% at 30 K. Assuming
that, when T .. v, the spin contribution asymptotes to (k B/
e)ln(2) < 60 mV K21, we find that it constitutes about two-thirds
of the total thermopower at 300 K, thus accounting for most of the
enhanced thermopower.

The spin-entropy enhancement may be widespread in the tran-
sition-metal oxides. A key ingredient inferred from our measure-
ments is the motion of charge tied to local moments of spin-1/2 in a
background of Co3þ ions that are magnetically inert (diamagnetic).
Of the large class of cobalt oxides, the Co ions are nearly always in
their low-spin state. In the Co oxides that can be made conducting,
therefore, the thermopower is likely to be dominated by spin-
entropy terms, suggesting that this is a promising class of materials
to search for improved Peltier materials.
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Application of the 147Sm–143Nd chronometer (half-life of
106 Gyr) suggests that large-scale differentiation of the Earth’s
mantle may have occurred during the first few hundred million
years of its history1. However, the signature of mantle depletion
found in early Archaean rocks is often obscured by uncertainties
resulting from open-system behaviour of the rocks during later
high-grade metamorphic events2. Hence, although strong hints
exist regarding the presence of differentiated silicate reservoirs
before 4.0 Gyr ago, both the nature and age of early mantle
differentiation processes remain largely speculative3–5. Here we
apply short-lived 146Sm–142Nd chronometry (half-life of
103 Myr) to early Archaean rocks using ultraprecise measure-
ment of Nd isotope ratios. The analysed samples are well-
preserved metamorphosed sedimentary rocks from the 3.7–3.8-
Gyr Isua greenstone belt of West Greenland. All display well-
resolved 142Nd anomalies averaging 15 6 4 p.p.m. (2j). Using the
initial 1143Nd value from ref. 6 coupled 146Sm–147Sm chrono-
metry constrains the mean age of mantle differentiation to
4,460 6 115 Myr. This early Sm/Nd fractionation probably
reflects differentiation of the Earth’s mantle during the final
stage of terrestrial accretion.

Short-lived radioactive nuclides are ideal tools to constrain early
differentiation of the main terrestrial reservoirs. The 129I–129Xe (half-
life 16 Myr) chronometer constrains mantle degassing and formation
of the atmosphere to the first 100 Myr of Earth history7, and
182Hf–182W systematics (half-life 9 Myr) provide clear evidence that
core segregation occurred during the first 30 Myr of terrestrial accre-
tion8–10. Similarly, the short-lived 146Sm–142Nd chronometer has long
been viewed as a promising tracer for exploring the early history of the
Earth’s mantle. The presence of live 146Sm in the early Solar System
was first demonstrated by Lugmair et al.11, and its initial abundance
subsequently defined as 146Sm/144Sm ¼ 0.008 ^ 1 at 4.566 Gyr ago12.
Because of its low initial abundance, 146Sm is effectively extinct after
4–5 half-lives, so that 142Nd/144Nd anomalies can be related solely to
differentiation of silicate reservoirs during the first few hundred
million years of Earth history. Additionally, the 142Nd signature of
early Archaean rocks is insensitive to metamorphic disturbances, so
that 146Sm–142Nd chronometry can be reliably applied to a wide range
of crustal rocks.

However, in view of the low initial abundance of 146Sm, 142Nd
anomalies are expected to be extremely small (less than 30–
40 p.p.m.), and their detection requires ultraprecise Nd isotope
measurements. Until recently, reproducibility of Nd isotope ratios
was limited to 15–20 p.p.m. (2j) using the most precise instru-
ments13. This precision barrier has severely hampered application of
the 146Sm–142Nd chronometer to terrestrial differentiation because
it precludes unambiguous resolution of small 142Nd anomalies. The
first claim by Harper and Jacobsen14 of a 33 p.p.m. excess in a
3.8-Gyr-old Isua metasediment was hence received with scepticism,
especially since subsequent studies failed to detect any 142Nd
anomaly in the most ancient Archaean terranes15–17. More recent
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