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Abstract

We examine the in#uence of the superconducting proximity e!ect on the thermoelectric response of hybrid mesoscopic

normal metal} superconductor nanostructures. We demonstrate that Andreev scattering can break the well-known Mott

relation between the thermopower and the logarithmic energy derivative of the conductance. We also consider the e!ect
of superconductivity on the temperature dependence of the thermopower. � 2000 Elsevier Science B.V. All rights

reserved.
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Electronic transport properties of phase-coherent nor-

mal}superconducting (NS) devices have been studied in

great detail [1]. However, also other thermoelectric

properties are expected to be a!ected by the presence of

superconductivity [2,3]. In this paper, we apply the scat-

tering approach to thermoelectric properties of NS struc-

tures, "rst developed in Ref. [2], to study the Andreev-

re#ection modi"ed thermopower.

In Ref. [2], it was already shown that Andreev re#ec-
tion breaks the Wiedemann}Franz law. Here we show

that it may cause the thermopower to deviate from the

celebrated Mott relation [4,5]
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where G(�) is the energy-dependent conductance through

the di!usive sample.

Due to the energy derivative at �
�

in the Mott relation,

S re#ects the balance of energy current between the

quasiparticle states slightly above (electrons) and slightly

below (holes) the Fermi energy. In the presence of

Andreev re#ection between the two, the linear-response

formulae for the two-probe conductance G and ther-

mopower S are given, in the limit ¹"0, by Eqs. (20), (21)

and (38) of Ref. [2]. It follows that
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indicating the deviation �S of the actual thermopower

from the Mott-law prediction. Here a,��k�
�
¹/(3e) and

the notation of Ref. [2] has been employed. Hence, to

break the Mott relation, one requires a left}right asym-

metric structure and energy-dependent transmission/re-

#ection probabilities. To demonstrate this, Fig. 1 shows

the computed (for details of the numerical calculations,

see Ref. [6]) thermopower and its Mott-law prediction

for the structure shown in the inset: a normal di!usive

region with a superconducting inclusion strongly

coupled to a quantum dot separated from the rest of the

structure by barriers of height ;
�
. Varying ;

�
induces

resonances into the transport coe$cients and, conse-

quently, strong variations of �S.

We have also considered previous experiments [3],

probing the temperature dependence of the thermopower

S
��

in NS hybrids. Therefore, we have applied Eqs.



Fig. 1. Thermopower (solid) and Mott-law prediction (dotted)

for structure in the inset as a function of the barrier height;
�

of

the dot. For comparison, the thermopower in the absence of the

superconducting segment is also plotted (dashed). Inset:

simulated structure comprising a di!usive normal wire (N) with

a superconducting inclusion (S) in contact with a quantum dot

(QD). Length scales are in units of the Fermi wavelength.

Fig. 2. Thermopower versus temperature for the normal dif-

fusive wire (N) with a superconducting inclusion (S) (triangles),

for the corresponding structure without the S segment (circles),

and their error bars (dashed for S
��

, solid for S
�
} at low ¹, due

to strong #uctuations, they extend over the range of the plot).

The results are averaged over 50 realizations of disorder. Inset:

the simulated structure.

	This is larger than the experimental values below 1 �V/K

and may be due to the small size of the simulated structure.

(9)}(13) of Ref. [2] to compute S(¹) in the presence (S
��

)

and absence (S
�
) of superconductivity. Our preliminary

results for the ensemble-averaged quantities are shown in

Fig. 2 for the structure depicted in the inset.

For temperatures larger than the Thouless temper-

ature E


/k

�
, both S

��
and S

�
are positive, of the order of

10 �V/K,	 and no large deviations between the two can

be observed. For k
�
¹(E



, the numerical results show

a huge change in both quantities towards negative values

and with an order of magnitude larger absolute value.

However, this change is accompanied by #uctuations of

the same order or even greater than the ensemble-aver-

aged values. These strong #uctuations are typical for the

conductance of mesoscopic wires. Since thermopower is

a second-order quantity compared to conductance, its

#uctuations are even larger.

In conclusion, we show that superconductivity may

break the Mott relation for the thermopower S. We also

consider the temperature dependence of S in the presence

and absence of superconductivity. We "nd that below the

Thouless energy, the sample-to-sample #uctuations in

both cases are huge, and hence, no conclusive statements

about the ensemble-averaged thermopower can be made.

Acknowledgements

The Academy of Finland is acknowledged for support

to TTH and MPS through the MATRA grant for Nano-

Optics and Electronics.

References

[1] C.J. Lambert, R. Raimondi, J. Phys.: Condens. Matter 10

(1998) 901.

[2] N.R. Claughton, C.J. Lambert, Phys. Rev. B 53 (1996) 6605.

[3] J. Eom, C.-J. Chien, V. Chandrasekhar, Phys. Rev. Lett. 81

(1998) 437.

[4] N.F. Mott, E.A. Davis, Electronic Processes in Non-Cry-

stalline Materials, Clarendon, Oxford, 1971.

[5] N.W. Ashcroft, N.D. Mermin, Solid State Physics, Saunders

College Publishing, Philadelphia, 1976.

[6] C.J. Lambert, Physica B 203 (1994) 201.

T.T. Heikkila( et al. / Physica B 284}288 (2000) 1862}1863 1863




