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We have measured the Seebeck coefficient, S, of nominally 1.1% Cr doped V2O3 as a function of

both temperature and pressure. Large variations of S are found at the Mott insulator-metal

transition. A combination of our data with resistivity data allows us to estimate the power factor.

Contrary to thermopower and resistivity, the power factor is not strongly modified upon crossing

the first order phase transition. Such a behavior is in sharp contrast with standard semiconductors.
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Thermoelectric energy conversion, where thermal

energy is directly transformed into electrical energy, has

attracted much interest in recent years. The efficiency of a

thermoelectric device is defined by its material properties

with the thermoelectric power factor PF¼ S2r and the figure

of merit ZT ¼ S2rT
j
, where S is the Seebeck coefficient, T is

the temperature, r is the electrical and j the thermal conduc-

tivity. For e.g., environmentally friendly electric-power gen-

erators, materials with high efficiency (i.e., ZT� 1) are one

of the current main interests in research on thermoelectric

materials. As PF is a combination of S2, which is large in an

insulator, and r, which is large for a metal, materials that

undergo a metal to insulator transition (MIT) are promising

candidates for a large power factor.

Among such candidates, doped Mott insulators such as

the cobaltates1,2 or doped SrTiO3 (Ref. 3) appear to be prom-

ising. Surprisingly, the thermoelectric properties of the

archetype of the Mott insulator, V2O3, have not yet been

studied extensively. Indeed, since the pioneering work of

McWhan et al.,4 V2O3 has been the subject of research in

order to gain insights into its high temperature MIT from a

paramagnetic metallic to a paramagnetic insulating phase.

This transition can be induced either by hydrostatic or chem-

ical (e.g., doping with chromium) pressure. As it occurs

without any change in the crystal symmetry, it is the canoni-

cal example of the Mott transition.5 The first order transition

line terminates at a second order critical point above which it

becomes a crossover. In a single band model, the thermo-

power of a Mott insulator should be zero. Nevertheless, first

experiments6 have shown that this is not the case and ther-

moelectric properties of V2O3 might be revisited. By com-

bining our results with literature data for the electrical

conductivity,7,8 which were carried out under the same ex-

perimental conditions, we get information about the power

factor. We use the pressure as the control parameter as it

allows to sweep the entire phase diagram with only one

sample.

A single crystal of V2O3 with a nominal doping of 1.1%

Cr was prepared using the skull melter technique.9 This Cr

concentration ensures that the sample is on the insulating

side of the transition at ambient pressure, but that a moderate

pressure of a few kilobars (or, alternatively, a decrease in

temperature) drives the system into the metallic state. The

sample was oriented along the hexagonal c-axis by X-ray

diffraction using the Laue method and then cut into bars of a

typical length of 5mm along the c-axis with a cross-section

of 1� 0.2 mm2. The experiments were performed in a pres-

sure cell using isopentane as pressure medium and the ther-

mopower was measured at temperatures between 300 and

500K and pressures between 0.5 and 5 kbar following the

experimental procedure described in Ref. 10. A schematic

drawing of the experimental setup is shown in insert of

Fig. 1. The absolute temperature and the temperature gradi-

ent were measured using chromel/constantan thermocouples.

The aspect ratio of the sample allows us to consider that the

thermal gradient is applied essentially along the c -axis. The

voltage contacts were glued with silver paste on small gold

pads evaporated near the ends of the sample. The differential

thermocouple was thermally connected to these pads through

FIG. 1. (Color online) Thermopower of 1.1% Cr doped V2O3 as a function

of temperature for different applied pressures: (a) in the insulating phase. (b)

in the metallic phase. Note that in (a), the curve at 3333 bar has been added

for a better comparison. Insert: schematic experimental set-up for the mea-

surement of thermopower. DV and DT represent, respectively, the voltage

and temperature variation throughout the sample when a pulse of current is

applied on the heater. The base temperature, T0, is measured with a chromel/

constantan thermocouple.
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a thin layer of varnish. The thermal gradient, DT¼ 1K, was

much lower than the temperature range under study which

allowed to remain in the linear region of the DV(DT) curve,

where DV is the measured voltage across the sample. We

consider anyway that a few percent error is possible on the

absolute value of S which is essentially due to a misalign-

ment of DV and DT lead wires and a possible thermal link at

the gold pad-differential thermocouple interface especially at

such high temperatures. All measurements were performed

on the same V2O3 single crystal. However, preliminary

experiments carried out on several samples under ambient

pressure have proved that the absolute value of S is reproduc-

ible within 610 lV/K and in good agreement with previous

experiments.6 Thermopower was measured at several con-

stant pressures in variable temperature experiments up to

500K and at several fixed temperatures in pressure sweeps

near the critical point of the Mott transition. We had to avoid

to cross the first order transition line around room tempera-

ture, because of a discontinuous volume change of about 1%

occuring at the transition,11 which would imply an irreversi-

ble harm to the sample. This volume change becomes

smaller at higher temperatures12 and allows to cross the tran-

sition safely at temperatures not too far from Tc.

In Fig. 1, the absolute thermopower is plotted against

temperature for several pressures in the insulating (a) and

metallic (b) phases. At low pressures, in the insulating phase,

S decreases with increasing temperature and is similar for all

pressures. At high pressures, we observe quite different tem-

perature profiles for the various pressures in the metallic

phase. This is awaited if a crossover line is crossed, as

expected from dynamical mean field theory (DMFT) calcula-

tions13 and has been already seen in conductivity measure-

ments.7,8 Far from the transition line in the metallic phase, S

only slightly increases between 300 and 500K.

Fig. 2 shows the thermopower in the mixed region

where the transition is actually crossed. At low pressures, a

large hysteresis upon heating and cooling and a large discon-

tinuity at the transition are observed. At higher pressures, the

discontinuity and the hysteresis become smaller and finally

vanish at the critical point. At pressures above the critical

pressure pc, it is possible to define a crossover line from the

inflection point of the curves of Figs. 1(b) and 2. Similar

data (not shown) can be obtained by measuring S as a func-

tion of pressure at fixed temperature. A second crossover

line is then determined which allows the establishment of the

pressure-temperature phase diagram shown in the insert of

Fig. 2. Then, we were able to define the critical point by

Tc� 460K6 2K and pc� 3300 bar6 5 bar. Within the ex-

perimental errors, the critical temperature is in agreement

with the one found in electrical conductivity experiments,8

despite a different value for pc which is attributed to a differ-

ence of Cr doping: a small difference in doping of 0.1%

results in a difference of approximately 400 bar in pc. Using

the critical point (pc, Tc) as the reference to correct for small

shifts of doping from one sample to the other, we are able to

calculate the power factor by using resistivity data of Ref. 7

provided a pressure correction is made. We note that no tem-

perature correction is needed which confirms the similar

quality of the samples from one batch to an other. With this

in mind, it is possible to estimate the power factor (PF) near

the critical point where it may reach its maximum as a com-

petition between (large) conductivity and (large) Seebeck

coefficients.

As a first example, we calculated the power factor in the

metallic phase at 400K and 5000 bar. S measured in this work

is S� 20lV/K and the conductivity is r� 1200 X
�1 cm�1

deduced from Refs. 7 and 8 which gives a power factor of

PF� 0.48lW.K�2 cm�1 with an error of about 10% consider-

ing the possible errors in pressure shifts and measurements of

the absolute values associated to geometrical factors. This

value is quite small when compared to values obtained for

other compounds such as 37.1lWK�2 cm�1 in TiS2,
14

� 50lWK�2 cm�1 in Bi2Te3 (Ref. 15) or 10lWK�2 cm�1 in

cobaltates16 but similar to values obtained in underdoped cup-

rates. The low value of PF found here is related to the fact that

V2O3 is the canonical example for the half-filled band Mott

insulator where S should remain zero.1 The existence of a

finite thermopower is already the signature of a electron-hole

band asymmetry which is not taken into account in single

band models. Due to missing data for the thermal conductivity

of V2O3, it is only possible to calculate the factor of merit at

one exemplary point. The only available value in the literature

for pure V2O3 is j� 6Wm�1 K�1 at 400K,17 which yields an

approximate value for the metallic phase (e.g., (V0.9Cr0.1)2O3

at 5000 bar) of ZT¼ 3.2� 10�3 at 400K. In the following, we

will limit the discussion to the power factor.

In the insulating phase, at 400K and 1000 bar we

have S� 150 lV/K and r� 20 X
�1 cm�1 so PF� 0.45

lWK�2 cm�1, which is equally small. The power factor in

the region near the MIT can be found in Fig. 3. In Fig. 3(a),

PF is plotted against temperature just above the critical pres-

sure at 3333 bar and further in the metallic region at

4050 bar. Both curves show very similar decrease of PF

between 300 and 500K. Furthermore, in Fig. 3(b), PF is plot-

ted versus pressure at two different temperatures. Both

curves at fixed temperatures, 458 and 473K, exhibit a mo-

notonous decrease of PF with pressure. The sharp step

FIG. 2. (Color online) Thermopower of 1.1% Cr doped V2O3 as a function

of temperature near the critical point. Insert: temperature-pressure phase dia-

gram of 1.1% Cr doped V2O3. The hatched region indicates the region of the

hysteresis in S. The dashed lines represent the cross-over lines where S pres-

ent an inflexion point upon cooling (circles) or increasing pressure (trian-

gles). The dotted lines are guides to the eyes.
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observed at the lowest temperature is the manifestation of

the transition from the insulating to the metallic phase.

Finally, according to this analysis, it appears that the highest

PF can be found in the low temperature region in the metallic

phase and not in a region where metallic (large r) and insu-

lating (large S) properties are competing. Our results also

demonstrate the weak influence of the MIT on PF despite a

strong variation of both the conductivity (several orders of

magnitude) and the thermopower (about one decade) when

crossing this transition.

The theoretical approaches of the thermopower (TEP) in

this material require including both e-e interactions and pho-

nons, and such a theory is not available at this time. Here,

we give some general qualitative arguments to show why

such a behavior is expected to occur near a Mott transition.

The transport coefficients in a material can be defined from

the Boltzmann’s equation approach.18 The electrical conduc-

tivity, r! K0 and the Seebeck coefficient, S / K1=ðK0TÞ so
PF / K2

1=ðK0T
2Þ with

Kn ¼ �
2

3

ð

skvkvk �
@f0
@e

� �

e¼l

ðeðkÞ � lÞnd3k;

where l is the chemical potential, f0 is the Fermi distribution

function, e(k) is the band dispersion, v(k) is the group veloc-

ity, and sk is the quasiparticle lifetime. K1 is sensitive to the

electron-hole asymmetry which varies weakly near the Mott

transition. Indeed, the band structure is fixed by the electron-

electron interactions: the bare band structure is replaced by a

more complex structure with the existence of a quasiparticle

peak at the chemical potential energy which disappears at

the Mott transition.13 Thus, the asymmetry of the band struc-

ture varies smoothly with pressure or temperature and is

related only to the interactions and not to the bare band struc-

ture. Such evolution is in sharp contrast with doping in

standard semiconductors which directly induces a change of

the electron-hole asymmetry by shifting the position of the

chemical energy with respect to the conduction and valence

bands.

In conclusion, we presented the temperature and pres-

sure dependent study of the thermoelectric power of the ca-

nonical Mott insulator, chromium doped V2O3, in the

vicinity of its MIT. It is found that the strong electron-

electron interactions at the Mott transition of V2O3 lead to a

weak modification of the power factor at the transition in

sharp contrast with both conductivity and thermopower var-

iations. Finally, the largest value for PF is found in the metal-

lic state at low temperatures far from the Mott transition.

The evolution of PF with pressure (or equivalently chemical

doping) is in sharp contrast with semiconductors where it is

maximum for heavily doped semiconductors.19

S.P. acknowledges the EC Marie-Curie Grant No.

MEST-2004-5/4307 for financial support.

1S. Mukerjee and J. E. Moore, Appl. Phys. Lett. 90, 112107 (2007).
2Y. Wang, N. S. Rogado, R. J. Cava, and N. P. Ong, Nature 423, 425

(2003).
3T. Okuda, K. Nakashani, S. Myiasaka, and Y. Tokura, Phys. Rev. B 63,

113104 (2001).
4D. B. McWhan, T. M. Rice, and J. P. Remaika, Phys. Rev. Lett. 23, 1384

(1969).
5N. F. Mott, Proc. Phys. Soc. Sect. A 62, 416 (1949).
6H. Kuwamoto, J. M. Honig, and J. Appel, Phys. Rev. B 22, 2626 (1980)
7P. Limelette, Ph.D. thesis, Université Paris XI, Orsay, France, 2003.
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FIG. 3. (Color online) Power factor of 1.1% Cr doped V2O3 (a) at fixed

pressure and variable temperature and (b) at fixed temperature and variable

pressure.
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