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We have studied the magnetic field effects of the thermoelectric properties aiming to improve the 
thermoelectric energy conversion efficiency. In the magnetic field, the sum of the Nernst voltage and the 
Seebeck voltage arises between the diagonal corners on the rectangular material since the direction of the 
Nemst electric field is perpendicular to that of the Seebeck electric field. This corresponds to the increment 
of the effective thermoelectric power. We named the thermoelectric element using this diagonal voltage as 
''the Nemst-Seebeck element". We measured the transport coefficients of the polycrystalline bismuth in the 
magnetic field from 100 K to 290 K to estimate the performance of the Nemst-Seebeck element. The 
measured quasi-figure-of-merit of the bismuth Nemst-Seebeck element increased, compared with those in 
the zero magnetic field, in spite of the remarkable increase of the magnetoresistance. The 
quasi-figure-of-merit zN+s of a square bismuth increased by 3. 7 times at 150 K. We considered the geometry 
effect of the Nemst-Seebeck element and found the remarkable improvement by using geometric effect 
Key words: polycrystalline bismuth, Seebeck effect, Nernst effect, magnetic field effect 

1. INTRODUCTION 
Bismuth (Bi) and its alloys have high potentials as the 

thermoelectric materials, in particular, at temperatures 
lower than the room temperature and they are often 
employed for the thermoelectric energy conversion in 
the use of the cold heat[1]. Use of the magnetic field 
effect is one of the methods to improve the 
thermoelectric performance of the Bi and its alloys. 
Wolfe and Smith reported that the thermoelectric 
figure-of-merit of an undoped n-type bismuth-antimony 
(Bi-Sb) alloy enhances in the transverse magnetic field 
at 100 K [2]. Yim and Amith also showed the magnetic 
field improves the thermoelectric figure-of-merit for 
undoped n-type Bi-Sb alloys and for a Sn-doped p-type 
Bi-Sb alloy [3]. 

For the polycrystalline Bi, Brochin et al. measured the 
electric resistivity, the Seebeck coefficient and the 
thermal conductivity in the zero magnetic field, and 
showed that the polycrystalline Bi also has a high figure 
of merit [4]. Since the Seebeck coefficient of a single 
crystal Bi also increases with applying transverse 
magnetic field [5)[6], the polycrystalline Bi also has a 
potential to improve the figure of merit by the magnetic 
field effect. On the other hand, the single crystal Bi has a 
high Nernst effect when the magnetic field is applied 
parallel to the binary axis at low temperature [5][6][7]. 
De Sande et al. showed the Nernst coefficient of the 
polycrystalline Bi is also high at the room temperature 
[8]. 

We have proposed to use the sum of the Nernst 
voltage and the Seebeck voltage (the Nernst+Seebeck 
effect) in the magnetic field, to increase the effective 
thermoelectric power [9][10]. We named the thermo­
electric element, which uses the Nernst+Seebeck effect, 
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as "the Nernst-Seebeck element". 
In this work, we measured the magnetic field effect of 

the transport coefficients for the polycrystalline Bi from 
100 K to 290 K and confirmed the improvement of the 
thermoelectric performance as the Nernst-Seebeck 
element. The geometric effect was also measured to 
prove the remarkable improvement of the Nernst­
Seebeck element. 

2. PRINCIPLE OF NERNST-SEEBECK ELEMENT 
Figure l illustrates the principle of the Nernst­

Seebeck element. Standard thermoelectric elements 
presuppose to use only the Seebeck effect. The Seebeck 
electric field is in the direction of the temperature 
gradient. On the other hand, the Nemst electric field is 
perpendicular to both the magnetic field and the 
temperature gradient. Hence, the potential difference 
V AB between the diagonal two electrodes A and B is the 
sum of the Nernst voltage VN and the Seebeck voltage 
Vs. The effective thermoelectric power of this Nernst 
-Seebeck element aN+S = Vn/ 1:1T = (V N+ Vs)/ 1:1T becomes 
larger than that of the Seebeck element, where 1:1T is the 

A 
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temperature difference. 
The following four magnetic field effects relate to the 

thermoelectric performance of the Nernst-Seebeck 
element; 
l) the variation of the Seebeck coefficient a 8, 

2) the increment of the electric resistivity T), 

3) the reduction of the thermal conductivity K, and 
4) the arising of the Nernst effect NB. 

Considering the thermoelectric figure-of-merit for the 
Seebeck element, Zs = a 8

2 I T)K [ll], increasing as and 
decreasing K enhance Zs, while increasing 11 reduces Zs. 
On the other hand, the Nernst effect arises in the 
magnetic field. The expression of the thermoelectric 
figure-of-merit of the Nernst element is ZN = (NB)2 11']K; 
where N is the Nernst coefficient and B is the applied 
magnetic field [12]. For the Nernst-Seebeck element, the 
internal electric resistance in the element R considerably 
depend on the geometry of the thermoelectric material 
and those of the electrodes A and Bin Fig. 1; therefore, 
we used to estimate the following quasi-figure-of-merit 
zN+s instead of the figure-of-merit; 

(I) 

Since the Nernst voltage VN has the geometry 
dependence as VN = (ylx)NBtJ, where x is the length 
and y is the width of the thermoelectric material, zN+s 
also has the geometry dependence as follows; 

{(ylx)NB+as}2 
( 2) 

Rte 

3. SETUP 
Figure 2 illustrates a schematic diagram of the sample 

to measure the transport properties of the polycrystalline 
Bi (99.99<)0/o, Furuuchi Chemical Corp.). The geometry 
of the sample is I 0 mm in length, I 0 mm in width, and 2 
mm in thickness. A copper block is attached to the one 
side of the sample as the heat sink. A cryocooler 
connected to the heat sink controls the base temperature 
of the sample from 100 K to 290 K. Another copper 
block with a foil heater is attached on the opposite side 
of the sample as the heat source to produce !!T up to 
about 10 K. Two spring coils connect the heat-source 
copper block to the heat-sink copper block to keep good 
thermal contacts between the sample and the heat sink 
and source blocks. A insulating sheet is inserted between 
the sample and each copper block to avoid the Nernst 
voltage shortcircuited on the copper block. The essential 
properties for the insulating sheet are the high electric 
resistance and the high thermal conductivity. We 
successfully achieve this properties with using a very 
thin paper coated by the thermal-conductive grease. 

The sample is installed in the vacuum vessel with 
pressure less than 0.01 Pa. A superconducting magnet 
system generated a magnetic field up to ±1.5 T 
perpendicular to the sample, as shown in Fig. I. 

The Seebeck voltage Vs, the Nernst voltage VN, and 
the Nernst+Seebeck voltage VN+s are simultaneously 
measured by using the electrodes placed on the four 
corners of the rectangle sample. Temperatures of the 
both sides of the sample T H and TL are measured using 

copper-constantan thermocouples fixed on the sample 
edge. Temperature difference 1J is equal to TH -TL. 
Thermoelectric powers a.s, aN, and <Xs+N were carefully 
estimated from the variation of the potential difference 
for the two different !!T: when the heater is on or off. 
The steady-state method is employed to measure K, 

where K was conveniently estimated from the input 
power to the heater and the variation of !!T. The electric 
resistance (the diagonal resistance) R was measured 
between the diagonally-placed two electrodes with the 
four-probe method 

4.RESULTS 
4.1 Transport coefficients of the polycrystalline Bi 

Figure 3 shows the thermoelectric power of the 
Seebeck effect ( the Seebeck coefficient ) as vs the 
magnetic field B. The magneto-Seebeck effect increases 
the absolute value of as at all temperatures. The 
temperature dependence of the magnetic field effect for 
as is similar from 200 K to 290 K and remarkably 
increases at 100 K. 

Figure 4 shows the magnetic field dependences of the 
thermoelectric power of the Nernst effect <XN (=NB). 
Although the polarity of aN reverses in the low magnetic 
field near 0 T in the single crystal [6][7], it does not 
reverse in the polycrystal. Figure 5 shows the 
temperature dependence of the Nernst coefficient N 
measured at B = 1.5 T. The Nernst coefficient for the 
single crystal Bi by Michenaud et al. [6] and Sugihara 
[7] and that for the polycrystalline Bi at the room 
temperature by de Sande et al. [8] are also shown in Fig. 
5 for the comparison. In Fig. 5, N231 corresponds to the 
single crystal Nernst coefficient when the heat flow is in 
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Fig. 3 Magnetic field dependences of the thermoelectric 
power of the Seebeck effect a 8. 
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Fig. 4 Magnetic field dependences of the thermoelectric 
power of the Nernst effect aN. 
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Fig. 5 Temperature dependence of the Nernst coefficient 
N. The other measurement values are also shown [6-8]. 
N231 and N321 correspond toN of the single crystal. 

the trigonal direction and N321 corresponds when the 
heat flow in the bisectrix. The magnetic field is applied 
in the binary direction for both N231 and N32l. The 
polycrystalline Bi has the high Nernst coefficient N, 
which is comparable to that of the single crystal Bi. At 
lower temperature, N rapidly increases. That means the 
Nernst element and the Nernst-Seebeck element using 
polycrystalline Bi are expected to be effective at low 
temperature 

Figure 6 shows the magnetic field dependences of the 
diagonal resistance R. As the temperature decreases, R in 
the zero magnetic field decreases; whereas, the magneto­
resistance remarkably increases for the lower 
temperature. In particular, the increase from the zero 
magnetic field reaches to 16 times for B = ±1.5 Tat 100 
K. 

Figure 7 shows the magnetic field dependences of the 
thermal conductivity K. Opposite to a 8 or R, K decreases 
in the magnetic field and tends toward the saturating for 
the zero magnetic field increases; whereas, the magnetic 
field effect increases for the lower temperature. We 
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Fig. 6 Magnetic field dependences of the diagonal 
resistance R. 
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Fig. 7 Magnetic field dependences of the thermal 
conductivity K. 
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Fig. 8 Magnetic field dependences of the thermoelectric 
powers of the Seebeck effect a 8, the Nemst effect aN, 

and the Nernst+Seebeck effect Us+N at 150 K 

compared the temperature dependence of K, which we 
measured in the zero magnetic field, with the results by 
Brochin et al. for the polycrystal [4] and by Gallo et aL 
for the single crystal [13] to confirm the accuracy of our 
convenient measurement of K. The temperature 
dependence of K we measured is similar to that of the 
single crystal, while 50% higher than that of the 
polycrystal by Brochin et al. 

4.2 Properties as the Nernst-Seebeck element 
Figure 8 shows the magnetic field dependences of the 

thermoelectric powers of the Seebeck effect 
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Fig. 9 Magnetic field dependences of the quasi 
figure-of-merit of the Nemst-Seebeck element ZN+S· 

(Seebeck coefficient) as, the Nernst effect aN, and the 
Nernst+Seebeck effect aN+s at 150 K. The thermo­
electric power of the Nernst effect aN exceeded as at ± 
0.8 T and aN+s for B"" -1.5 T achieved 3 times of as in 
the zero magnetic field. Figure 9 shows the magnetic 
field dependences of the quasi-figure-of-merit of the 
Nernst-Seebeck element zN+S· The quasi-figure-of-merit 
zN+S in Fig. 9 is normalized by the value in the zero 
magnetic field to clarify the improvement by the 
magnetic field effect. Increase of zN+S by the magnetic 
field is inclined to saturate at 100 K because of the 
remarkably large magnetoresistance. The maximum 
increase of zN+s reached 3.7 times for B = -1.5 Tat 150 
K and zN+S is expected to increase by applying the higher 
magnetic field at temperatures more than 150K. 

4.3 Geometric effect of the Nernst-Seebeck element 
The property of the Nernst-Seebeck element is 

expected to have a large geometry dependence on ylx 
from eq. (2), since NB of the polycrystalline Bi is found 
to be comparable for a 8 at ylx = 1. Hence, variation of 
the geometry ylx is the next issue for the Nernst-Seebeck 
element. Besides of the sample withylx = 1, which was 
examined above, we prepared another two samples with 
ylx = 2 (5 mm in length, 10 mm in width and 2 mm in 
thickness) and ylx = 0.5 (10 mm in length, 5 mm in 
width, and 2 mm in thickness). Figure 10 shows the 
effect of the ratio ylx in the magnetic field dependence 
of the measured quasi-figure-of-merit zN+S· In the 
geometry ylx = 2, a remarkable increase of zN+S was 
measured. 

5. CONCLUSION 
We proposed "the Nernst-Seebeck element'', which 

aims to increase the effective thermoelectric power in 
the magnetic field by using the sum of the Nernst 
voltage and the Seebeck voltage. Transport coefficients 
and their magnetic field effects of a polycrystalline Bi 
were measured to estimate the performance of the 
Nernst-Seebeck element. As a result, l) the Seebeck 
coefficient a 8 increased, 2) the diagonal electric 
resistance R also increased, 3) the thermal conductivity 
decreased, and 4) the measured thermoelectric power of 
the Nemst effect NB was comparable to a 8. The 
quasi-figure-of-merit zN+s were adopted to estimate the 
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performance of the Nernst-Seebeck element instead of 
the thermoelectric figure-of-merit. Increase of ZN+s 

reached 3.7 times at maximum for B = -1.5 Tat 150 K. 
A comparison of the sample with the different 
geometries proved that the remarkable increase can arise 
for the large ratio of the geometry ylx 
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