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Abstract

This paper presents the derivation of the equations for thermoelectricity, thermomagnetisim, and thermal resistivity of the
metallic and semiconductor elements and compounds according to the Reciprocal System of physical theory developed by D.
B. Larson.  The factors involved include:  the atomic rotational displacements (as modified by the passage of the thermal
current), the temperature, the electron concentration, the specific heat, the interatomic distance, the volume of the crystal unit
cell, the number of atoms in the crystal unit cell, atomic weight, and the diameter of the atoms. 
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Introduction

The Reciprocal System of physical theory is described in the books by Dewey B. Larson, such as Ref. [1] and [2].   In Chapter
11 of Ref. [2], Larson deduced the fundamental characteristics of thermoelectricity and thermal conductivity from the
Postulates of the Reciprocal System.  This paper, which is runnable as a Mathcad program, extends the work to the
quantitative calculation of these properties and to a comparison with the experimental data, such as are available.
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Nomenclature

A = cross-sectional area of specimen, cm2

AE = Ettingshausen coefficient, K cm3 / watt-sec

AL = Righti-Leduc coefficient, cm2 / volt-sec

AN = Nernst coefficient, cm2 K / sec

Av = Avogadro's constant (number of atoms or particles in a gram-mole)

BA = magnetic flux density of magnet A on conductor C, weber/m2 or Tesla; sometimes in units of weber/cm2 

Bz = magnetic flux density in z-direction, webers/cm2

Ci, Di = coefficients (i = 1, 2, 3) of terms in electrical and thermal conduction equations for substance in a magnetic
field

cp = specific heat at constant pressure on a particle basis, eV/K per particle

cp_a = specific heat contribution per atom (at constant pressure), eV/K per atom

cp_e = specific heat contribution per electron (at constant pressure), eV/eK

cp_e_mean = mean specific heat contribution per electron (at constant pressure) between hot and cold ends of
conductor, eV/eK

cp_e_1_i = specific heat contribution per electron (at constant pressure) for element 1, before contact, eV/eK
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cp_e_1_f = specific heat contribution per electron (at constant pressure) for element 1, after contact, eV/eK

cp_e_2_i = specific heat contribution per electron (at constant pressure) for element 2, before contact, eV/eK

cp_e_2_f = specific heat contribution per electron (at constant pressure) for element 2, after contact, eV/eK

cp_g = specific heat at constant pressure on a mass basis, cal/g K

cp_mole = specific heat at constant pressure on a mole basis, cal/mole K

cp_mole_a = specific heat at constant pressure on a mole basis for material a of thermocouple, cal/mole K

cp_mole_b = specific heat at constant pressure on a mole basis for material b of thermocouple, cal/mole K

cp_u = natural unit of specific heat, eV/K per particle

dC = thickness of conducting ribbon or slab in y-direction, cm

du = natural unit for atomic diameter, fm

E = electric field intensity, V/cm

FAC = force of magnet A on conductor C, dyne

G = thermal gradient, K/cm

H1_cal_g_i = enthalpy of element 1, before contact, cal/g

H1_cal_g_f = enthalpy of element 1, after contact, cal/g
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Hcal_mole_a = enthalpy of material a of thermocouple, cal/mole

Hcal_mole_b = enthalpy of element b of thermocouple, cal/mole

H1_ev_g_i = enthalpy of element 1, before contact, eV/g

H1_ev_g_f = enthalpy of element 1, after contact, eV/g

H1_ev_mole_i = enthalpy of element 1, before contact, eV/mole

H1_ev_mole_f = enthalpy of element 1, after contact, eV/mole

I = current through conductor (single material), amp

IC = current through conductor C, amp

Ij = current through junction of dissimilar materials, amp

IR = interregional ratio (between the time region and time-space region)

Je = electric current density, amp/cm2

k = Boltzmann's constant, eV/K per particle

k_dens0_elec = electrical resistivity multiplicative factor for Z . w / Vuc to handle amorphous or other special density
situations

k_dens0_therm = thermal resistivity multiplicative factor for Z . w / Vuc to handle special density sitations like
diamond

k_s0 = multiplicative factor for s0 to handle anisotropic or amorphous interatomic distances
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L = length of specimen for thermal flow, cm

LC = length of conductor C, m

LC_Bz = path length of electron through conductor C in magnetic field Bz, m

Lo = Lorenz number, V2/K2

Lo_u = natural unit value of Lorenz number, V2/K2

Ne = concentration of (free) electrons in solid, per mole of the atoms

Ne_1_i = concentration of (free) electrons in solid 1, before contact, per mole of the atoms

Ne_1_f = concentration of (free) electrons in solid 1, after contact, per mole of the atoms

Ne_2_i = concentration of (free) electrons in solid 2, before contact, per mole of the atoms

Ne_2_f = concentration of (free) electrons in solid 2, after contact, per mole of the atoms

ne = number of (free) electrons per atom

Q = thermal heat flux, watt/cm2

qPelt = rate of heat transfer due to Peltier effect, ignoring Joule heat, at junction, J/sec or watt

qThom = rate of heat transfer due to Thomson effect, ignoring Joule heat, in single conductor, J/sec or watt

R = gas constant, erg mole-1 K-1

RH = Hall coefficient, cm3/C
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Rj = resistance at junction of two dissimilar materials, ohm

R = thermal resistance, K/watt

S = absolute thermopower or Seebeck coefficient, V/K

Sa = absolute thermopower or Seebeck coefficient of material a of thermocouple, V/K

Sb = absolute thermopower or Seebeck coefficient of material B of thermocouple, V/K

Sc = absolute thermopower or Seebeck coefficient of the material of the leads of the thermocouple (normally
copper), V/K

S1_i = absolute thermopower or Seebeck coefficient of element 1, before contact, V/K

S1_f = absolute thermopower or Seebeck coefficient of element 1, after contact, V/K

S2_i =absolute thermopower or Seebeck coefficient of element 2, before contact, V/K

S2_f = absolute thermopower or Seebeck coefficient of element 2, after contact, V/K

s = space dimension

s0 = shortest interatomic distance in crystal unit cell, angstrom

st_u = time region natural unit of space (for solids), angstrom

su = natural unit of space, cm

T = temperature at which the thermal properties are measured, K
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Tbc = temperature of beginning of electrical conduction for semiconductors, K

TC = temperature at cold junction of thermocouple, K

TH = temperature at hot junction of thermocouple, K

Teff = effective temperature of electrons moving between hot and cold ends of conductor, K

TR = room temperature, usually 293.15 K or 300 K

Tsc = temperature of superconduction for a metallic element, K

Tt_u = natural unit of temperature for solids (spatial vibration), K

Tu = natural unit of temperature (for gas-like flow of electrons), K

thermal_contact_pot = thermoelectric potential at a junction between two dissimilar materials

Vab = Seebeck voltage between materials a and b, V

V1...5 = voltages at points 1 to 5 of a thermocouple, V

VH = Hall voltage, V

Vuc = volume of crystal unit cell at 0 K and 0 external pressure, angstrom3

wC = width of conducting slab in z-direction, cm 

w1 = atomic/molecular weight of substance 1, amu
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w2 = atomic/molecular weight of substance 2, amu

x, y, z = mutually perpendicular directions in 3-D coordinate space

Z = number of atoms in crystal unit cell

zT = thermoelectric figure-of-merit (dimensionless)

 = density of solid (crystal or amorphous), g/cm3

1 = density of solid element 1, g/cm3

 = density of solid element 2, g/cm3

 = thermal conductivity, watt/cm K

 = difference in two material property values

a =absolute Peltier coefficient of material a, mV

b = absolute Peltier coefficient of material b, mV

 = electrical resistivity, ohm-cm

base = electrical resistivity sans the temperature denominator

Bz = electrical resistivity in a magnetic field, ohm-cm

eff= effective electrical resistivity for thermal resistivity, ohm-cm
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 = thermal resistivity, cm K / watt

 = Thomson coefficient, V/K

 = angle of electrical current density J in magnetic field with respect to x-axis, radian

Note:  A black square in the upper right of an equation means that the equation is disabled from running in Mathcad.  This is done
because not all variables in the equation have, as yet, been given numerical values at that point in the program.  
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Reciprocal System Physical Constants
IR 156.4444su 4.558816 10 6 cm (Ref. [1], p. 160) Tu 7.20423 1012 K (Ref. [2], p. 59)

(Ref. [1], p.
162)st_u

su

IR 10 8
 st_u 2.914 angstrom du 3.359 fm (Ref. [5])

Tt_u 510.8 Kconvcaltoev 2.613 1019 convevtocal 3.827 10 20 k 8.6168 10 5 eV/K

Av 6.02486 1023 g-mole-1 Tt_inv_u
1

Tt_u
 Tt_inv_u 0.00196 γu

1

2.9143
 γu 0.04041 amu/angstrom3

convelectoC 1.602062 10 19

convdynestoseccm2
7.316889 10 6

3.27223 102
 convdynestoseccm2 2.23606 10 8

convang3tocm3 10 24
convNtodynes 105

convJouletoev 6.242 1018
convseccm2todynes

3.27223 102

7.316889 10 6
 convseccm2todynes 4.47216 107

convCtoelec
1

1.602062 10 19


convvolttoseccm2 7.85794 1015 convseccm2tovolt 1.272598 1014
convCtoelec 6.24196 1018

convvoltstodynes convvolttoseccm2 convseccm2todynes convvoltstodynes 3.5142 1023
convamutog 1.660 10 24
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convevtocal 3.827 10 20 convdynestovolts convdynestoseccm2 convseccm2tovolt convdynestovolts 2.8456 106

Rθ_u
7.20423 1012

9.8099 105
convcaltocmdyne 4.186 107 convelectocm

4.558816 10 6
156.4444

 convelectocm 2.91402 10 8

ρθ_u Rθ_u
su
IR
 ρθ_u 0.214 K-cm/wattRθ_u 7.34384 106 K/watt
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1.  Electron Concentration in Solids

Ordinary electrons in the Reciprocal System are massless, chargeless, and "free"--not bound as constituents of atoms; there do
not exist the classes of "conducting, valence, and bound" electrons as seen by conventional theory.  There is therefore no need for
charge balancing with protons or with "holes."  Larson (Ref. [2], p. 122) has deduced that "Because the factors determining the
electron capture from and loss to the environment are independent of the nature of the matter and the amount of thermal motion,
the equilibrium concentration is the same in any isolated conductor irrespective of the material of which the conductor is
composed, the temperature, or the pressure."   He does not give us this equilibrium concentration, but it's fairly obvious, by
inspection, what it is:   

ne 1 (free) electron / atom (1)

On a mole basis:

Ne ne Av (free) electrons/mole (2)

Further support for the deduction that there is one (free) electron per atom is given in the next section.  But, it's interesting to
note, the applied scientists, the engineers, commonly assume this when calculating electrical circuit properties.  In the case
there is any doubt, the variable ne will be carried through in the following equations.
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2.  Electron Specific Heat and Thermopower

Electrons, in essence, are rotating units of space.  Larson states, again Ref. [2], p. 122, "In the thermal process the atoms move
through the electron space as well as through the equivalent of extension space.  Where the net time displacement of the atoms of
matter provides a time continuum in which the electrons (units of space) can move, a portion of the atomic motion is
communicated to the electrons.  The thermal motion in the time region environment therefore eventually arrives at an equilibrium
between motion of matter through space and motion of space (electrons) through matter.  It should be noted that the motion of the
electrons through the matter is a part of the thermal motion, not something separate.  A mass m attains a certain temperature T
when the effective energy of the thermal motion reaches the corresponding level.  It is immaterial from this standpoint whether the
energy is that of motion of mass through equivalent space, or motion of space (electrons) through matter, or a combination of the
two....The electron movement has no effect on the specific heat because it is not an addition to the thermal motion of the atoms; it
is an integral part of the combination motion that determines the magnitude of that specific heat."

Larson, Ref. [2], p. 153, quotes Duffin, Ref. [3], p. 281, "The electron gas would be expected to contribute an extra 3/2 R [per mole]
to the specific heat of metals" but no such specific heat increment is found experimentally.  But this is because the measured
specific heat already contains an equal contribution from both the atoms and the electrons:

    

cp cp_a cp_e measured eV/K per atom-electron ensemble (3)

cp_a .5 cp eV/K per atom (4)

cp_e .5 cp eV/K per electron (5)

Continuing with Larson, Ref. [2], p. 124:  "...the zero for the thermal motion of the electrons, the magnitude of the motion of the
electrons in the absense of thermal motion, is the natural zero, which, in the context of the stationary reference system, is unit
speed, the speed of light.  The measure of the energy of the electron motion in matter is the deviation of the speed upward or
downward  from this unit level."  The natural unit of specific heat is (Ref. [2], p. 59)
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(6)cp_u
3
2

k cp_u 1.29252 10 4 eV/K per particle

Note that this is on a per particle basis, for either an atom or an electron, not on a mole or mass basis.  We identify the
magnitude of the deviation of the specific heat of the electron from the natural value as the measured absolute thermopower
or absolute Seebeck coefficient, signified as S.  Therefore:

cp_e cp_u S V/K (7)

where we have eV/eK = V/K.  The Reciprocal System Data Base, associated with Ref. [4], contains the computations of
specific heat on a mole basis for the elements and compounds, based on Chapters 5, 6, and 7 of Ref. [2].  Therefore, cp_mole
is known and can thus be used to determine S: 

.5
cp_mole
ne Av

 convcaltoev cp_u S (8)

S cp_u .5 cp_mole
convcaltoev

ne Av
 V/K (9)

Simplifying and expressing the result In terms of V/K, to compare with the "measurements," we have:

(10)S 129.29252 21.68515
cp_mole

ne
 V/K
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Table I, which follows, has columns for the elements, the atomic number, the mole specific heat (molecular, not aggregate) (at
293.15 K), and S, the calculated thermopower (at 293.15 K), V/K (assuming ne = 1).  The "measured" thermopower, from Ref.
[5], is in the next column.  However, Ref. [6], p. 460, makes the point that it is the Thomson coefficient which is determined
experimentally--the absolute thermopower is then estimated from an integral of this coefficient.  (The Peltier coefficient, in the
next column, will be discussed later).

Thus it does not come as a surprise that the agreement of theory with the so-called "measured" thermopowers is not good.
Given that we are dealing with microvolts/K, the measurements (of the Thomson coefficient, to be discussed later) are extremely
difficult to make and are subject to many errors.  On this subject, Larson states, Ref. [2], p. 124, "Neither the theoretical study nor
the experimental measurements are far enough advanced to make a quantitative comparison of theory with experimental results
feasible at this time."  Hopefully, the new theoretical results presented here will serve as an impetus for more precise
measurements.

Note that at 0 K, the thermopower should be cp_u, or 129.29252 V/K, whereas conventional theory says it should be 0.  It should
then decrease with temperature, until at approximately room temperature, it is 0; this is in accord with experimental data in that
the mole specific heat of matter is 3R at this temperature (for most substances), which implies an equal contribution of 3/2 R from
the atoms and from the electrons.  Absolute thermopower of a metal at low temperatures may be determined by means of a
thermocouple composed of the metal and a superconductor; the differential thermopower is produced by the normal branch only.
Conventional theory then assumes that S is 0 in the superconductor branch, rather than that cp_e is 0, whereas according to the
Reciprocal System the value should be 129.29252 V/K.  Here, although the electric potential of a superconductor is 0 (because
resistance is 0), the electrochemical potential, the thermopower, is not!   

Graphs of computed thermopower for some of the important metallic elements, as a function of temperature, are shown in Figure
1.
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Table I.  Thermoelectric Properties of the Metallic Elements at 293.15 K

Element Atomic No. cp_mole, cal/mole K Thermopower_Calc, muV/K Thermopower_Meas Peltier Coef., mV Thomson Coef. Aggr. Thomson Coef.
Li 3 7.288 -28.750 10.600 -8.428 0.000 0.000
Be 4 5.831 2.849 1.300 0.835 -13.079 -36.216
Na 11 7.288 -28.744 -5.800 -8.426 0.000 -3.884
Mg 12 5.955 0.163 -1.460 0.048 -15.572 -3.828
Al 13 5.909 1.156 -1.660 0.339 -43.944 -12.649
K 19 7.038 -23.321 -13.700 -6.837 -38.930 -36.684
Ca 20 6.132 -3.679 10.300 -1.079 -19.465 -28.999
Sc 21 5.934 0.609  0.179 -6.584 -5.121
Ti 22 5.600 7.846 4.500 2.300 -37.633 -29.008
V 23 5.858 2.255 0.130 0.661 -13.079 -36.216
Cr 24 5.616 7.518 21.700 2.204 -37.633 -29.008
Mn 25 5.933 0.628 -10.000 0.184 -15.572 -3.828
Fe 26 5.808 3.348 16.200 0.981 -13.079 -36.216
Co 27 5.893 1.495 -30.800 0.438 -14.268 -5.505
Ni 28 5.869 2.015 -19.380 0.591 -14.268 -5.505
Cu 29 5.846 2.516 -1.850 0.738 -13.079 -36.216
Zn 30 6.148 -4.037 3.000 -1.184 -19.465 -28.999
Ga 31 7.251 -27.951  -8.194 0.000 0.000
Rb 37 7.265 -28.245 -10.230 -8.280 0.000 0.000
Sr 38 6.133 -3.711 1.100 -1.088 -19.465 -28.999
Y 39 6.046 -1.807 1.200 -0.530 -8.229 -1.068
Zr 40 5.930 0.709 7.500 0.208 -7.315 -0.134
Nb 41 5.667 6.397 -0.600 1.875 -37.633 -29.008
Mo 42 5.852 2.384 5.570 0.699 -13.079 -36.216
Tc 43 5.586 8.159  2.392 -37.633 -29.008
Ru 44 5.862 2.173  0.637 -13.079 -36.216
Rh 45 5.866 2.096 1.300 0.614 -14.268 -5.505
Pd 46 5.960 0.059 -10.700 0.017 -7.315 -0.134
Ag 47 6.041 -1.699 1.510 -0.498 -9.405 -3.675
Cd 48 6.632 -14.529 2.560 -4.259 -31.144 -30.925
In 49 7.234 -27.568 1.680 -8.081 0.000 -10.120
Sn 50 6.356 -8.546 -0.920 -2.505 -25.953 -25.968
Cs 55 7.177 -26.340 -0.900 -7.721 -32.917 -32.205
Ba 56 6.318 -7.703 12.100 -2.258 -16.458 -23.432
La 57 6.251 -6.256  -1.834 -13.167 -17.377
Ce 58 6.165 -4.399 6.000 -1.289 -13.167 -17.377
Pr 59 6.623 -14.321 -2.000 -4.198 -21.944 -21.905
Nd 60 6.635 -14.589 -3.000 -4.277 -21.944 -21.905
Pm 61 6.670 -15.347  -4.499 -21.944 -21.905
Sm 62 6.315 -7.652 1.350 -2.243 -16.458 -23.432
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La 57 6.251 -6.256 -1.834 -13.167 -17.377
Ce 58 6.165 -4.399 6.000 -1.289 -13.167 -17.377
Pr 59 6.623 -14.321 -2.000 -4.198 -21.944 -21.905
Nd 60 6.635 -14.589 -3.000 -4.277 -21.944 -21.905
Pm 61 6.670 -15.347  -4.499 -21.944 -21.905
Sm 62 6.315 -7.652 1.350 -2.243 -16.458 -23.432
Eu 63 6.382 -9.113 20.000 -2.671 -16.458 -23.432
Gd 64 6.290 -7.107  -2.083 -13.167 -17.377
Tb 65 6.198 -5.114 -1.050 -1.499 -13.167 -17.377
Dy 66 6.175 -4.613  -1.352 -13.167 -17.377
Ho 67 6.432 -10.192 -1.250 -2.988 -16.458 -23.432
Er 68 6.690 -15.789  -4.629 -21.944 -21.905
Tm 69 6.588 -13.579 1.550 -3.981 -21.944 -21.905
Yb 70 6.402 -9.546 21.000 -2.798 -16.458 -23.432
Lu 71 6.299 -7.298 -3.800 -2.139 -16.458 -23.432
Hf 72 6.069 -2.307 7.100 -0.676 -8.229 -1.068
Ta 73 5.971 -0.196 -2.200 -0.057 -8.229 -1.068
W 74 5.883 1.721 1.300 0.505 -13.079 -36.216
Re 75 5.959 0.079 -5.420 0.023 -7.315 -0.134
Os 76 5.707 5.538 -4.200 1.623 -37.633 -29.008
Ir 77 5.959 0.077 0.850 0.022 -6.584 -5.121
Pt 78 6.047 -1.847 -5.140 -0.541 -8.229 -1.068
Au 79 6.106 -3.116 1.890 -0.914 -10.972 -9.111
Hg 80 7.221 -27.301 -9.200 -8.003 -21.771 -22.238
Tl 81 6.949 -21.398  -6.273 -38.930 -36.684
Pb 82 7.045 -23.475 -1.290 -6.882 -38.930 -36.684
Ra 88 5.802 3.484  1.021 -16.458 -23.432
Th 90 6.033 -1.534 -3.500 -0.450 -7.315 -0.134
Pa 91 5.776 4.041  1.185 -40.528 -37.781
U 92 5.713 5.412 5.000 1.586 -40.528 -37.761
Np 93 5.688 5.947 -4.000 1.743 -40.528 -37.761
Pu 94 5.856 2.304 10.000 0.676 -40.528 -37.761
Am 95 5.832 2.825  0.828 -40.528 -37.761

(Note:  Hg is at 164 K, where it is still solid.)
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Figure 1.  Thermopowers vs. Temperature for Various Metallic Elements
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The last two graphs illustrate the moderate difference between molecular thermopower and the aggregrate thermopower (for Al, in
this case).  The first graph above is based on the molecular specific heat; the second graph above is based on the aggregate
specific heat.  

The graph for Pt is quite close to the "experimental" graph given on p. 687 of Ref. [5], at least for the higher temperatures.
This element is, probably, the one with the most study, because it's commonly used as a reference for other subtances, so this
provides us with some hope that we're on the right track. 

There is even less data available for the thermopowers of semiconductor elements.  Ref. [7] would have been expected to have this
data, but it does not.  However, the editor, Prof. D. M. Rowe, provided the "measured" values given in Table II, by private
communication.  Again there is little correlation with the computed values using Eq. (10), but, at least, the semiconductor
thermopowers are higher than those for metals, as expected.  Although the thermal vibration is in time, rather than in space, for
these elements, the specific heat is calculated in the same manner as with the metallic elements, so it's doubtful that a different
equation would apply for the computation of thermopower.  

Table II.  Thermoelectric Properties of the Semiconductor Elements at Room temperature

Element Atomic No. cp_mole, cal/mole K Thermopower_Calc, muV/K Thermopower_Meas Peltier Coef., mV Thomson Coef. Aggr. Thomson Coef
B 5 2.728 70.135 20.560 -87.881 -82.665
C 6 1.377 99.432 29.149 -58.587 -58.587
Si 14 4.903 22.970 440 6.734 -21.953 -65.491
S 16 6.590 -13.613 -3.991 -58.591 -57.608
Ge 32 5.759 4.408 300 1.292 -40.528 -37.761
Te 52 6.261 -6.478 500 -1.899 -22.246 -24.081

In conventional physics, n-type conductors are said to have electron carriers, whereas p-type conductors are said to have "hole"
carriers.  Of course, in the Reciprocal System all carriers are massless, uncharged electrons.  However, we could use the term
n-type to mean having negative thermopower, at a particular temperature, and p-type to mean having positive thermopower, at a
particular temperature.
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3.  Thermal Contact Potential

Larson explains thermal contact potential as follows, Ref. [2], pp. 122-123:  "The energy level at which the electrons are in
thermal equilibrium with the atoms of a conductor depends on the material of which the conductor is composed.  If two
conductors of dissimilar composition, copper and zinc, let us say, are brought into contact, the difference in the electron
energy level will manifest itself as a voltage differential.  A flow of electrons will take place from the conductor with the
higher (more negative) voltage, the zinc, to the copper until enough electrons have been transferred to bring the two
conductors to the same voltage.  What then exists is an equilibrium between a smaller number of relatively high energy
electrons in the zinc and a greater number of relatively low energy electrons in the copper."

Let's translate this quotation into the language of mathematical physics.  We assume that we have 1 mole of both
substances in intimate, molecular contact .  First we convert the known enthalpies of substance 1 and substance 2  into
eV/mole.  Keep in mind that 1/2 of the enthalpy is due to electron energy.

(11).5 H1_ev_mole_i .5 H1_cal_g_i w1 convcaltoev

.5 H2_ev_mole_i .5 H2_cal_g_i w2 convcaltoev (12)

Assume substance 1 has greater enthalpy than substance 2, per mole.  Upon contact, substance 1 will lose electrons to
substance 2, so that the enthalpy per electron becomes the same; this is an isothermal process occurring at temperature T.

(13).5 H1_ev_mole_i ΔNe cp_e_1_i T

Ne_1_i ΔNe

.5 H2_ev_mole_i ΔNe cp_e_1_i T

Ne_2_i ΔNe
=

Solving for Ne:
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(14)
ΔNe

H1_ev_mole_i Ne_2_i H2_ev_mole_i Ne_1_i

H1_ev_mole_i 2 cp_e_1_i T Ne_2_i H2_ev_mole_i 2 cp_e_1_i T Ne_1_i


The electron concentrations (per mole of atoms) are now:

(15)Ne_1_f Ne_1_i ΔNe

Ne_2_f Ne_1_i ΔNe (16)

Then the final enthalpies are (multiplying through by 2):

H1_ev_mole_f H1_ev_mole_i 2ΔNe cp_e_1_i T (17)

H2_ev_mole_f H2_ev_mole_i 2 ΔNe cp_e_1_i T (18)

The electron specific heats become:

cp_e_1_f cp_e_1_i (19)cp_e_1_f
Ne_1_i cp_e_1_i ΔNe cp_e_1_i 

Ne_1_f
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(20)
cp_e_2_f

Ne_2_i cp_e_2_i ΔNe cp_e_1_i 

Ne_2_f


The thermopowers become:

(21)
S1_f cp_u cp_e_1_f

S2_f cp_u cp_e_2_f (22)

The electric voltage is now zero between the two substances; however the thermal contact potential is not, because the
specific heat of the electrons in the two subtances is still different:

thermal_contact_pot T S1_f S2_f  V (23)
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Sample Calculation for Zinc-Copper Thermal Contact Potential

The following values apply:

wZn 65.409 wCu 63.546 SZn_i 4.037 10 6 SCu_i 2.516 10 6 T 293.15

cp_e_Zn_i cp_u SZn_i cp_e_Zn_i 1.33289 10 4 cp_e_Cu_i cp_u SCu_i cp_e_Cu_i 1.26736 10 4

HZn_ev_mole_i 20.88 wZn convcaltoev HZn_ev_mole_i 3.56868 1022 eV/mole

HCu_ev_mole_i 18.434 wCu convcaltoev HCu_ev_mole_i 3.06089 1022 eV/mole

Ne_Zn_i ne Av Ne_Zn_i 6.02486 1023 Ne_Cu_i ne Av Ne_Cu_i 6.02486 1023

ΔNe
HZn_ev_mole_i Ne_Cu_i HCu_ev_mole_i Ne_Zn_i

HZn_ev_mole_i 2 cp_e_Zn_i T Ne_Cu_i HCu_ev_mole_i 2 cp_e_Zn_i T Ne_Zn_i


ΔNe 1.09774 1023 electrons transferred from Zn to Cu

The electron concentrations (per mole of atoms) are now:

Ne_Zn_f Ne_Zn_i ΔNe Ne_Zn_f 4.92712 1023

Ne_Cu_f Ne_Cu_i ΔNe Ne_Cu_f 7.1226 1023
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Then the final enthalpies (multiplying through by 2) and electron enthalpies are:

HZn_ev_mole_f HZn_ev_mole_i 2 ΔNe cp_e_Zn_i T

HZn_ev_mole_f 2.71082 1022
.5 HZn_ev_mole_f

Ne_Zn_f
0.02751

HCu_ev_mole_f HCu_ev_mole_i 2 ΔNe cp_e_Zn_i T (equal, as required)

HCu_ev_mole_f 3.91874 1022 .5 HCu_ev_mole_f

Ne_Cu_f
0.02751

The electron specific heats become:

cp_e_Zn_f cp_e_Zn_i cp_e_Zn_f 1.33289 10 4 eV/electron K

cp_e_Cu_f
Ne_Cu_i cp_e_Cu_i ΔNe cp_e_Zn_i 

Ne_Cu_f
 cp_e_Cu_f 1.27746 10 4 eV/electron K

The thermopowers become:

SZn_f cp_u cp_e_Zn_f SZn_f 4.037 10 6 V/K

SCu_f cp_u cp_e_Cu_f SCu_f 1.50605 10 6 V/K

Although the electrical potential is now zero, because the electrons now have the same energy throughout, the thermal conta
potential is not, because the specific heats and thus the thermopowers are different:

thermal_contact_pot T SZn_f SCu_f  thermal_contact_pot 0.00162 V
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Ref. [6], pp. 666-667, and Ref. [8], pp. 567-569, explain the conventional theory of the contact potential:  it's electrostatic,
because substance 1 is now positive and substance 2 is now negative after the transfer of (negatively-charged) electrons.
The magnitude is supposedly determined by the difference in work function between the two materials.  However, the work
function is insensitive to temperature, so it cannot be a thermal function, and so the coventional theory is wrong on its face.
Ref. [9], p. 121, states:  "The contact potential is not generally measured with a voltmeter for the voltage difference between
the two metals in equilibrium ... is zero.  We can however measure the charge transfer which occurs when the metals are
brought into contact."  But:  this disproves the theory that the electrons in solids are charged!

In the Reciprocal System, the work function is the energy required to ionize an electron, i.e., to charge an uncharged electron;
it's not relevant to the determination of the thermal contact potential.  The tabulations of "contact potential" given in the
physics literature are based on work functions and therefore are not relevant here.
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4.  Seebeck Voltage

A temperature difference between two or more junctions of a bimetal (or dissimilar semiconductors) is necessary to transform the
thermal contact potential into an electrical voltage.  Refer to Figure 2 which shows a thermocouple reduced to its essentials.
Following the method given in Ref. [10], p. 132, we compute the Seebeck voltage by taking a line integral around the segments of
the thermocouple, including the copper leads, in a clockwise fashion.

From point 1 to point 3: V3 V1
TR

TC
TSc T( )





d (24)

From point 3 to point 5: V5 V3
TC

TH
TSa T( )





d
(25)

From point 5 to point 4: V4 V5
TH

TC
TSb T( )





d (26)

From point 4 to point 2: V2 V4
TC

TR
TSc T( )





d (27)

Adding these equations, we find that the LHS reduces to V2 - V1 = Vab, the Seebeck voltage. The first and last terms on the
RHS add out to give 
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1 2

5

43

TH

TC TC

TR TR

material a material b

material c
(contact lead, 

usu. Cu)

material c
(contact lead, 

usu. Cu)

V
Vab

Figure 2.  Thermocouple Essentials
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Vab
TC

TH
TSa T( ) Sb T( ) 





d V (28)

As Ref. [10] points out, "The Seebeck voltage is thus seen to be independent of the room temperature and the Seebeck
coefficient of the lead wires."

To solve Eq. (28) for the Seebeck voltage we must substitute the values from Eq. (10) for Sa(T) and Sb(T).

Vab

TC

TH

T129.29252 21.68515
cp_mole_a

ne










129.29252 21.68515
cp_mole_b

ne
















d (29)V

Simplifying:

Vab
21.68515

ne TC

TH
Tcp_mole_b





d
TC

TH
Tcp_mole_a





d










 V (30)

Vab
21.68515

ne
Hcal_mole_b TH TC  Hcal_mole_a TH TC   V (31a)

or
Vab

21.68515
ne

ΔHcal_mole_b ΔHcal_mole_a  V (31b)
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The enthalpies may be evaluated either on a molecular basis or an aggregate basis, using the Reciprocal System Data Base.
Regardless, if material b has a lower enthalpy than material a, the voltage will be negative, as expected.

Sample Calculation for Zinc-Copper Thermocouple

Ref. [11] gives the technical details for the numerous commercial thermocouples available.  We will, for simplicity, continue
with the previous sample calculation and use Zn and Cu; Zn is material a, Cu is material b.  The following values apply:

TH 500.00 K (normally the temperature would be determined from the measured voltage, but we will reverse the
procedure here)

TC 273.15 K (assuming an ice bath)

We'll use the molecular enthalpies first, followed by the aggregate enthalpies.

ΔHcal_mole_Zn 1455.707
(molecular difference values for TH and TC from the Reciprocal System Data Base)

ΔHcal_mole_Cu 1366.071

VZn_Cu
21.68515

ne
ΔHcal_mole_Cu ΔHcal_mole_Zn  VZn_Cu 1943.77011 μV

or VZn_Cu 10 3 1.94377 mV

ΔHcal_mole_Zn 1451.216
(aggregate difference values for TH and TC from the Reciprocal System Data Base)

ΔHcal_mole_Cu 1326.648

VZn_Cu
21.68515

ne
ΔHcal_mole_Cu ΔHcal_mole_Zn  VZn_Cu 2701.27577 V

or VZn_Cu 10 3 2.70128 mV
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The difference between the two is not negligible.  The molecular figure is for single crystals where all atoms are at the same
temperature.   The aggregate figure is for ordinary macroscopic matter where there is a normal probability distribution of
temperature.  So for physics or chemistry work, one would use the molecular value; for engineering work, one would use the
aggregate value.  Either way, the new method presented here replaces the use of empirical correlation polynomial equations.
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5.  Peltier Heat Rate

Larson explains the Peltier Effect in Ref. [2], p. 123:  "...a continuing current may be passed through the two conductors.  If the
electron flow is from the zinc to the copper, the electrons leave the zinc with the relatively high voltage that prevails in that
conductor.  In this case the lower voltage of the electrons in the copper conductor cannot be counterbalanced by an increase in
electron concentration, as all of the electrons that enter the copper under steady flow conditions pass on through.  The incoming
electrons therefore lose a portion of their energy content in the process of conforming to the new environment.  The difference
is given up as heat, and the temperature in the vicinity of the zinc-copper junction increases.  If the section of the conductor
under consideration is part of a circuit in which the electrons return to the zinc, this process is reversed at the copper-zinc
junction.  Here the energy level of the incoming electrons rises to conform with the higher voltage of the zinc, and heat is
absorbed from the environment to provide the electron energy increment."

At the first junction, say zinc-copper, the rate at which heat is removed (ignoring the Joule heat, Ij2Rj), negative, is 

qPelt_a_b Ij Πa T( ) Πb T( )  103 (32)watt

where the 's are the absolute Peltier coefficients.  (Watts are more convenient to use here than ergs/sec.)

At the second junction, say copper-zinc, the rate at which heat is absorbed (ignoring the Joule heat, Ij2Rj), positive, is

qPelt_b_a Ij Πb T( ) Πa T( )  10 3 watt (33)

By Kelvin's second relation (see, e.g., Ref. [10], p. 135),

Πa T( ) T Sa T( ) 10 3 mV (34a)
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Πb T( ) T Sb T( ) 10 3 mV (34b)

Table I has a column for the absolute Peltier coefficients calculated at 293.15 K.  Not even Ref. [5] has the experimental values.
However, it does have the relative Peltier coefficient for copper-nickel at 292 K =  8 mV; our calculation would be .755 - .605 =
.15 mV at 300 K, so we're not close.  But then, again, since Joule heating predominates at a junction, attempting to determine
Peltier coefficients is very difficult.

Sample Calculation for Zinc-Copper Circuit

The following values apply:

T 293.15 K Ij 1 amp

ΠZn 1.184 mV ΠCu .738 mV (from Table I)

at Zn-Cu junction:
qPelt_Zn_Cu Ij ΠZn ΠCu  10 3 qPelt_Zn_Cu 0.00192 watt (liberated)

at Cu-Zn junction:

qPelt_Cu_Zn Ij ΠCu ΠZn  10 3 qPelt_Cu_Zn 0.00192 watt (absorbed)

As expected, qPelt_Zn_Cu qPelt_Cu_Zn
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6.  Thomson Heat Rate

Larson explains the Thomson effect, as follows (Ref. [2], p. 124):  "A third thermoelectric phenomenon is the Thomson
effect, which is produced when a current is passed through a conductor in which a temperature gradient exists.  The result is
a transfer of heat either with or against the temperature gradient.  Here the electron energy in the warm section of the
conductor is either greater or less than that in the cool section, depending on the thermoelectric characteristics of the
conductor material.  Let us consider the case in which the energy is greater in the warm section.  The electrons that are in
thermal equilibrium with the thermally moving matter in this section have a relatively high energy content.  These energetic
electrons are carried by the current flow to the cool section of the conductor.  Here they must lose energy in order to arrive at
a thermal equilibrium with the relatively cold matter of the conductor, and they give up heat to the environment.  If the current
is reversed, the low energy electrons from the cool section travel to the warm section, where they absorb energy from the
environment to attain thermal equilibrium."

The Thomson heat rate is given by

(35)qThom I τ ΔT 10 6 watt

where  is the Thomson coefficient, and note the minus sign.  By Kelvin's first relation (see, e.g., Ref. [12], p. 375),

τ T
T

S T( )d
d








 V/K (36)

Substituting the equation for S(T) from Eq. (10):

τ 21.68515
T
ne


T
cp_mole d

d
 (37)

The Reciprocal System Data Base contains computed values of  for the elements and numerous compounds, both for the
molecular case and for the aggregate.  See Table I and Table 2 for the values at 293.15 K.  Note that a value of 0 means that the
temperature is in the range where the specific heat curve for the element is flat.
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Sample Calculation for Copper

The following values apply:

T 293.15 K I 1 amp ΔT 10 K (end of conductor is 10 K hotter than beginning of conductor)
(for )

molecular case: τCu_molec 13.079 V/K qThom_Cu_molec I τCu_molec ΔT 10 6

qThom_Cu_molec 1.3079 10 4 watts, absorbed

aggregate case:  τCu_aggr 36.216 V/K qThom_Cu_aggr I τCu_aggr ΔT 10 6

qThom_Cu_aggr 3.6216 10 4 watts, absorbed

Eq. (37) shows that the theoretical Thomson coefficient is always negative.  Therefore, whether heat is absorbed or liberated
depends solely on the temperature difference between the ends of the conductor.  If temperature increases along the conductor,
heat is absorbed; if temperature decreases along the conductor, heat is liberated.  This makes perfect sense. 

Ref. [5], p. 695, provides a table of "experimental" Thomson coefficients.  The theoretical and "experimental" values are within
the same absolute order of magnitude, but many of the values in the table are positive.  This is, frankly, difficult to understand or
believe.  Why should the electrons give up heat when the temperature gradient is positive?  Or gain heat when the temperature
gradient is negative?  The apparent mistakes in the "experimental" Thomson coefficient carry over into the "experimental"
thermopowers.
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7.  Hall Effect

Various transverse effects arise in the course of the longitudinal conduction of electrons, including the Hall effect, the
Nernst effect, the Ettingshausen effect, and the Righi-Leduc effect.  These are shown graphically in Figure 3.  Please
note that it is customary in the Reciprocal System, unlike conventional theory, to portray the electron current with its actual
direction, not the direction of hypothetical "positive charges."  First we will discuss the Hall effect and then, after several
sections on thermal resistivity, we will return to the other, more minor, transverse effects.

For a magnet, denoted as A, and a conductor, denoted as C, the force of the magnet on the conductor is

FAC IC LC BA   convNtodynes dyne (38)

where IC is the current in the conductor (amps), LC is the length of the conductor (m), and BA is the magnetic flux density (Tesla
or webers/m2).  (x is the cross-product here.) (We generally use cgs units; however, for situations involving magnetism we use
SI and then convert the force from N to dynes.)  If LC and BA are at right angles, then, simply,

FAC BA IC LC convNtodynes dyne (39)

If the conductor cannot move, the force of the magnet is transferred to the electrons inside.  The conducting slab or ribbon
measures LC by wC by dC.  So the cross-sectional area is wC . dC.  Orient the spatial reference system so that LC is in the
x-direction, wC is in the z-direction, and dC is in the y-direction.  The magnetic field BA points in the z-direction, and the
current moves in the x-direction.  The interaction of the magnet with the non-movable conductor causes the electrons to move
to one side (plus or minus y) of the conducting slab.  This creates a counter voltage, the Hall voltage, which then neutralizes
the force so that the electrons then travel straight down the conductor in the x-direction. 

VH BA IC LC convNtodynes convdynestovolts V x number of electrons (40)



thermo_resistivity_final.mcd                       42

In the Reciprocal System, voltage has the same dimensions, t/s2, as force!  Of course, we must use the appropriate
conversion constants, as given above.  Taking into account the number of electrons per cc, the Hall voltage is defined as
follows:

VH RH 10 6 
IC BA

dC
 V (41)

where RH is the Hall coefficient, with units cm3/C.  Here, C = coulomb, a quantity, not a charge, of electrons, for the
Reciprocal System, in a cm3 of volume.  So the actual dimensions are those of an area, which can be seen if the RHS of Eq.
(40) is placed into the LHS of Eq. (41).  Electrons are rotating units of space, so cm3 / cm = cm2, dimensionally.  By
inspection, one can see that 

RH
Vuc 10 24

ne Z convelectoC
sgn S( ) cm3/C (42)

(where sgn(S) means the sign of the thermopower).  The Hall coefficient is intrinsically positive, being the unit cell volume per
number of electrons in the unit cell, but if the thermopower is negative, meaning that the electrons have higher energy than unity
at a given temperature, the electrons will move to one side of the conductor, otherwise they will move to the other side.   So the
sign of the Hall voltage does not tell us the "sign of the charge carriers"--it just tells us the sign of the thermopower!

Table III shows the calculated Hall coefficients  (with ne = 1) and the "measured" Hall coefficients for the metallic elements,
mostly from Ref. [13] and a few from Ref. [5], pp. 897-899.  Values of Vuc and Z come from Ref. [15].  The agreement is only
"so-so."  Notice, though, that the Hall coefficient is computed to be positive for Fe--to conventional theory this is an anomaly;
does anyone really believe that holes, not electrons, are the current carriers for iron?  Table IV shows the calculated Hall
coefficients for semiconductor elements; "measured" Hall coefficients are not available (but Ref. [14], p. 298 gives the
conventional calculation for Si).
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Element Atomic No. RH_Calc RH_Meas.
Li 3 -1.286 -1.633
Be 4 0.494 2.440
Na 11 -2.354 -2.500
Mg 12 1.419 -0.861
Al 13 1.006 -0.343
K 19 -4.452 -4.200
Ca 20 -2.656 -2.030
Sc 21 1.548 -0.670
Ti 22 1.115 -1.080
V 23 0.871 0.760
Cr 24 0.882 3.700
Mn 25 0.808 0.844
Fe 26 0.726 0.245
Co 27 0.665 -1.330
Ni 28 0.673 -0.610
Cu 29 0.728 -0.550
Zn 30 -0.929 0.330
Ga 31 -1.070
Rb 37 -5.437 -5.000
Sr 38 -3.438
Y 39 -2.061 -0.770
Zr 40 1.440 1.300
Nb 41 1.116 0.900
Mo 42 0.967 1.260
Tc 43 0.895
Ru 44 0.842 2.200
Rh 45 0.853 0.502
Pd 46 0.910 -0.725
Ag 47 -1.051 -0.840
Cd 48 -1.289 0.575
In 49 -1.633 -0.045
Sn 50 -2.062 -0.030
Cs 55 -6.894 -7.900
Ba 56 -3.901
La 57 -2.307 -0.800
Ce 58 -2.145 1.860
Pr 59 -2.145 0.710
Nd 60 -2.133 -0.235
Pm 61 -2.133
Sm 62 -2.103 -0.200
Eu 63 -2.942
Gd 64 -2.084 -0.950
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Pr 59 -2.145 0.710
Nd 60 -2.133 -0.235
Pm 61 -2.133
Sm 62 -2.103 -0.200
Eu 63 -2.942
Gd 64 -2.084 -0.950
Tb 65 -1.958
Dy 66 -1.965 -2.000
Ho 67 -1.895
Er 68 -1.899
Tm 69 -1.815 -1.750
Yb 70 -5.154 3.650
Lu 71 -1.796 -0.540
Hf 72 -1.378 0.430
Ta 73 -1.115 0.980
W 74 0.983 1.125
Re 75 0.905 3.150
Os 76 0.869 0.290
Ir 77 0.876 0.318
Pt 78 -0.933 -0.235
Au 79 -1.043 -0.715
Hg 80 -1.379 -0.800
Tl 81 -1.750 0.240
Pb 82 -1.798
Ra 88 4.258
Th 90 -2.012 -1.040
Pa 91 1.557
U 92 1.270 0.380
Np 93 1.215
Pu 94 1.450 0.300
Am 95 1.807
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Table IV.  Hall Coefficients for Semiconductor Elements, 10-4 cm3/C

Element Atomic No. RH_Calc RH_Meas.
B 5 0.489
C 6 0.354
Si 14 1.249
S 16 -1.504
Ge 32 1.413
Te 52 -2.107

Conventional theory asserts that the number of carriers, either electrons or holes or both, increases with temperature, and
hence RH would certainly not be constant for a semiconductor.  The Reciprocal System says, to the contrary, that the
exponential decline in electrical resistivity with temperature is due to changes in the thermal vibration in time of these
elements, not a change in the number of carriers; see Ref. [15] for details.  
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Figure 3.  Hall, Nernst, Ettingshausen, and Righi-Leduc Effects
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8.  Thermal Resistivity of Metallic Elements

We will apply the methods given in Ref. [15] for the calculation of electrical resistivity to the analogous calculation of thermal
resistivity.  Thermal resistivity is defined in terms of the thermal resistance of a specimen, its cross-sectional area, and its
length: 

ρθ Rθ
A
L
 cm K / watt (43)

If we set A to 1 cm2 and L to 1 cm, we have a unit cube of the material.  So, thermal resistivity can be equivalently defined as the
thermal resistance of a unit volume of material, the specifc thermal resistance, so to speak.  It is thus an intrinsic material
property.

Back in 1959, Larson made this statement in regard to thermal resistance,   Ref. [16], p. 60:  "Since the conduction of heat is
accomplished though the same agency as the conduction of electric current--the movement of electrons--it follows that the
resistance to the flow of heat is the same as the resistance to the flow of current."  In deriving the equation for thermal resistivity,
we will start with the equation for electric current density and transform it to heat flux density and thereby obtain the thermal
resistivity.

Electric current density equals electric field intensity divided by electrical resistivity:

Je
E
ρ

 (44a)

In units:
C

sec cm2

1
ohm cm

ΔV
cm


(44b)
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The diffence in voltage is equivalent to a difference in electron enthalpies between the hot and cold ends, so

C

sec cm2

1
ohm cm

 cp_e_mean
TH TC 

cm
 (45)

where the specific heat of the electrons is taken to be the mean value between the hot and cold ends of the conductor.
Note:  1) The C on the LHS is for "Coulombs"; the subscripted C on the RHS stands for "cold."  2)  The difference in
temperature divided by the distance can be replaced by grad(T), if desired.  3)  A minus sign is used in front of the RHS
because the hot side loses heat to the cold side.

Now multiply both sides of Eq. (45) by the heat transported by the electrons; here we must multiply cp_e_mean by 3/2--the
extra 1/2 is due to the translational motion of the electrons across the conductor.  Also, we must use the effective
temperature, Teff, which will be defined in a moment.

C 3
2

cp_e_mean Teff







sec cm2

3
2

cp_e_mean Teff





cp_e_mean

ohm cm


TH TC

cm








 (46)

The LHS can be recognized as the heat flux density in watt/cm2 (because I . V = power = watts).  So, after simplifying,

watt/cm2
Q

3
2

cp_e_mean 2 Teff

ohm cm












TH TC 

cm
 (47)
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The first term on the RHS can be recognized as thermal conductivity:

(48)
κ

3
2

cp_e_mean 2 Teff

ρeff
 watt / cm K

And so, of course, the thermal resistivity is the inverse of this, or 

ρθ

2
3

ρeff

cp_e_mean
2 Teff 

 cm K / watt
(49)

Now let's check the units of this expression:

ρθ
ohm cm

eV
eK






2
K

 (50a)

or
ρθ

ohm cm K

V2
 (50b)

But, it's very well known that 
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watt V2

ohm


(51)

Therefore, the units of thermal resistivity are  

ρθ
cm K
watt

 (52)

which agrees with Eq. (43), the definition.  Therefore we have successfully transformed from electric current density to
thermal flux density.  

From Eq. (49) we can form the famous ratio called the Wiedemann-Franz ratio or Lorenz (sometimes spelled Lorentz) number:

Lo ρ

ρθ T
 V2/K2 (53)

Lo
3
2

cp_e_mean
2 

T Tsc  T Tsc 1 

T T 1 
 V2/K2 T Tsc (54)

(The temperature factor is discussed below.)  Setting cp_e_mean = cp_u   and neglecting Tsc gives the natural value of Lo:
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(55)Lo_u

3
2

cp_u
2 Lo_u 2.50591 10 8 V2/K2

(Quantum mechanics computes a 2.5% lower number, 2.445 x 10-8, Ref. [6], p. 478; with the temperature factor, our result is
lower, too.)  Of course, the actual specific heats deviate from the natural unit by an amount given by the thermopower, so the
value of Lo will be different from Lo_u, particularly at temperatures significantly different from room temperature..    

Whereas electrical resistivity begins at the superconduction temperature, thermal conductivity begins just after 0 K, say
near 1 K.  Therefore, the correct value to use for the electrical resistivity term in the above equations, eff, is not the value
of  at the measured temperature, but the value of  at the measured temperature plus the superconduction temperature
plus one:

Teff T Tsc 1 (56)

ρeff ρ Teff  (57)

This explains the temperature factor in Eq. (54).
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Sample Calculation of Thermal Conductivity for Copper at 293.15 K

From Table I: SCu 2.516 10 6 V/K cp_u 1.29252 10 4 T 293.15

From Ref. [15]: Tsc_Cu 47.88 Teff T Tsc_Cu 1 Teff 342.03

Eq. (7): cp_e_Cu cp_u SCu cp_e_Cu 1.26736 10 4 V/K

From Table V below: ρbase_Cu .00686 10 6 (this is the electrical resistivity w/o the temperature denom.)

ρeff_Cu ρbase_Cu T 1  ρeff_Cu 2.01787 10 6 ohm-cm

ρθ_Cu

2
3

ρeff_Cu

cp_e_Cu
2 Teff 

 ρθ_Cu 0.24487 cm K / wattThus:

Ref. [17], p. 12-200, says its 1/4.01 = .24938 at 300 K.  So the agreement is close.

Table V compares the calculated values for the metallic elements with the experimental values (given in Ref. [17]
at T = 300 K).  Note that we use the values of  as calculated in Ref. [14] at T = 293.15, so the slight difference in
temperature would account for some of the difference between the calculated and the observed.
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Table V.  Thermal Resistivities of the Metallic Elements at Room Temperature

Element Atomic No. c_p_e, V/K RHO_base_calc_for_Therm Calc. Therm. Resis. cm K/W Obs. Therm. Resis. cm K/W Calc. / Obs.
Li 3 1.58000E-04 0.03161 0.70944 1.18064 0.6009
Be 4 1.26401E-04 0.01613 0.56546 0.50000 1.1309
Na 11 1.57994E-04 0.01395 0.34448 0.70922 0.4857
Mg 12 1.29087E-04 0.01681 0.57832 0.64103 0.9022
Al 13 1.28094E-04 0.01108 0.37849 0.42194 0.8970
K 19 1.52571E-04 0.02303 0.62554 0.97656 0.6405
Ca 20 1.32929E-04 0.01239 0.42159 0.50000 0.8432
Sc 21 1.28641E-04 0.21537 7.54981 6.32911 1.1929
Ti 22 1.21404E-04 0.16628 6.32099 4.56621 1.3843
V 23 1.26995E-04 0.08955 3.07571 3.25733 0.9442
Cr 24 1.21732E-04 0.05193 1.96354 1.06724 1.8398
Mn 25 1.28622E-04 0.92618 31.72795 12.78772 2.4811
Fe 26 1.25902E-04 0.03985 1.37701 1.24688 1.1044
Co 27 1.27755E-04 0.02642 0.90703 1.00000 0.9070
Ni 28 1.27235E-04 0.02703 0.93530 1.10254 0.8483
Cu 29 1.26734E-04 0.00686 0.24490 0.24938 0.9820
Zn 30 1.33287E-04 0.02332 0.78928 0.86207 0.9156
Ga 31 1.57201E-04 0.10628 2.71967 2.46305 1.1042
Se 34 1.50123E-04 0.00457 0.12201 22.22222 0.0055
Rb 37 1.57495E-04 0.04569 1.19568 1.71821 0.6959
Sr 38 1.32961E-04 0.09277 3.15608 2.83286 1.1141
Y 39 1.31057E-04 0.20990 7.34947 5.81395 1.2641
Zr 40 1.28541E-04 0.16208 5.82815 4.40529 1.3230
Nb 41 1.22853E-04 0.05104 1.89480 1.86220 1.0175
Mo 42 1.26866E-04 0.02086 0.72599 0.72464 1.0019
Tc 43 1.21091E-04 0.09208 3.51824 1.97628 1.7802
Ru 44 1.27077E-04 0.03297 1.14378 0.85470 1.3382
Rh 45 1.27154E-04 0.01919 0.67278 0.66667 1.0092
Pd 46 1.29191E-04 0.04367 1.53614 1.39276 1.1029
Ag 47 1.30949E-04 0.00589 0.20908 0.23310 0.8969
Cd 48 1.43779E-04 0.02541 0.76754 1.03306 0.7430
In 49 1.56818E-04 0.03608 0.84107 1.22549 0.6863
Sn 50 1.37796E-04 0.04503 1.44405 1.50150 0.9617
Cs 55 1.55590E-04 0.06710 1.79894 2.78552 0.6458
Ba 56 1.36953E-04 0.19948 6.72521 5.43478 1.2374
La 57 1.35506E-04 0.21555 7.32894 7.46269 0.9821
Ce 58 1.33649E-04 0.30572 10.68589 8.84956 1.2075
Pr 59 1.43571E-04 0.19679 6.11591 8.00000 0.7645
Nd 60 1.43839E-04 0.20256 6.27169 6.06061 1.0348
Pm 61 1 44597E 04 0 20363 6 23880 6 66667 0 9358



thermo_resistivity_final.mcd                       54

Cs 55 1.55590E-04 0.06710 1.79894 2.78552 0.6458
Ba 56 1.36953E-04 0.19948 6.72521 5.43478 1.2374
La 57 1.35506E-04 0.21555 7.32894 7.46269 0.9821
Ce 58 1.33649E-04 0.30572 10.68589 8.84956 1.2075
Pr 59 1.43571E-04 0.19679 6.11591 8.00000 0.7645
Nd 60 1.43839E-04 0.20256 6.27169 6.06061 1.0348
Pm 61 1.44597E-04 0.20363 6.23880 6.66667 0.9358
Sm 62 1.36902E-04 0.33470 11.29284 7.51880 1.5019
Eu 63 1.38363E-04 0.28709 9.48292 7.19424 1.3181
Gd 64 1.36357E-04 0.37947 12.74196 9.52381 1.3379
Tb 65 1.34364E-04 0.37996 13.13969 9.00901 1.4585
Dy 66 1.33863E-04 0.18249 6.35810 9.34579 0.6803
Ho 67 1.39442E-04 0.27481 8.93726 6.17284 1.4478
Er 68 1.45039E-04 0.27810 8.46884 6.89655 1.2280
Tm 69 1.42829E-04 0.29579 9.28834 5.91716 1.5697
Yb 70 1.38796E-04 0.11740 3.85365 2.59740 1.4837
Lu 71 1.36548E-04 0.30238 10.25531 6.09756 1.6819
Hf 72 1.31557E-04 0.14359 4.98953 4.34783 1.1476
Ta 73 1.29446E-04 0.04758 1.70754 1.73913 0.9818
W 74 1.27529E-04 0.02363 0.83292 0.57471 1.4493
Re 75 1.29171E-04 0.07223 2.54142 2.08768 1.2173
Os 76 1.23712E-04 0.03571 1.30720 1.14155 1.1451
Ir 77 1.29173E-04 0.02060 0.71621 0.68027 1.0528
Pt 78 1.31097E-04 0.04128 1.44469 1.39665 1.0344
Au 79 1.32366E-04 0.00865 0.30439 0.31546 0.9649
Hg 80 1.56551E-04 0.29583 7.63304 11.99041 0.6366
Tl 81 1.50648E-04 0.06758 1.88304 2.16920 0.8681
Pb 82 1.52725E-04 0.08079 2.19027 2.83286 0.7732
Ra 88 1.25766E-04 0.36061 14.41674
Th 90 1.30784E-04 0.04901 1.70226 1.85185 0.9192
Pa 91 1.25209E-04 0.07680 2.77626
U 92 1.23838E-04 0.12382 4.57555 3.62319 1.2629
Np 93 1.23303E-04 0.48107 17.93245 15.87302 1.1297
Pu 94 1.26946E-04 0.62114 21.84390 14.83680 1.4723
Am 95 1.26425E-04 0.27707 9.82438

0.712 1.0879

correlation average
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As can be seen, the correlation between the calculated and the observed thermal resistivities is .712; the average value of calc./obs.
is 1.0879.  The differences are probably within the experimental uncertainties.  Still, the differences are quite high for a few of the
elements and so additional research on these elements, including Mn and Se, would appear to be warranted.

9.  Variation of Metallic Thermal Resistivity or Thermal Conductivity with Temperature

The Reciprocal System Data Base can be used to plot thermal resistivity or thermal conductivity versus temperature for any
element, compound, or alloy, for both the molecular case and the aggregate case.  The variation with temperature is
considerably more complex than that for electrical resistivity or conductivity, as can be seen by the following graphs for Cu (the
first is the calculation on a molecular basis, the second is the calculation on an aggregate basis).  The thermal conductivity
climbs from zero and then levels off.  Note:  Thermal conductivity is easier to plot than thermal resistivity, because the former
starts at zero, whereas the latter starts at infinity.  Also, the experimental results (see Ref. [18] and Ref. [21]) are commonly given
for thermal conductivity.
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Figure 4.  Molecuar and Aggregate Thermal Conductivity of Copper
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Ref. [18] is a compilation of experimental graphs of thermal conductivity (from just above 0 K to room temperature) for
elements, compounds, alloys, etc., garnered from the physics literature, beginning in 1900.  The compilers say bluntly, p. 2:
"It cannot be emphasized too strongly that there is no meaning to "standard" or "recommended" curves or values for pure
metals and perfect dielectrics at temperatures below their thermal conductivity maximum.  Thermal conductivity values at
the lower temperatures are completely dependent on the specific experimental specimen, its minor chemical impurities, and
its physical defects.  That is, the experimentally measured thermal conductivity for those materials at low temperatures is not
an intrinsic property of the bulk material."

As for conventional theory, the compilers say this, p. 13:  "At the present, it is not possible to predict accurately the thermal
conductivity of pure metals on the sole basis of their chemical analyses or physical specifications."  This is true although the
conventional theoreticians have the following alleged Quantum Mechanical effects to call upon:  electron-phonon
interactions, electron-imperfection interactions, electron-miscellaneous scattering interactions, phonon-phonon interactions,
phonon-imperfection interactions, phonon-electron interactions, magnons, photons, excitons, and polarons.

In the Reciprocal System, we have available only massless, chargeless electrons to use as the carriers for solid state
thermal conductivity.  The two graphs above concur, in a broad sense, with the graphs in Ref. [18] and Ref. [21], but there are
some differences.  In some, though not all, of the experimental graphs, the "knee" of the curves considerably overshoots the
final value at room temperature.  This, however, could mean that a thermal steady state has not been achieved, so the more
"damped" curves may be more reliable, or that the compilers have simply used the electrical resistivity at the lower
temperatures and multipled by the room temperature Lorenz number.  Also, the compilers of Ref. [21] use Quantum
Mechanics as their guide in selecting their "recommended" values--these curves have higher thermal conductivity than the
curves which are closer to what the Reciprocal System calculates.  Fortunately the compilers include all available
experimental curves; the spread is quite amazing--one or two orders of magnitude in many cases!

Therefore, until and unless some new more accurate experimental method is developed, we will not be able to carry out a
detailed comparison of theory with experiment over the whole range of solid temperatures.  Our calculated values at around
room temperature seem to be accurate, however, and so may be safely used by engineers.
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10.  Variation of Lorenz Number with Temperature

It's commonly assumed that the Lorenz number is fairly constant with temperature.  But this is not the case.  In fact, the graphs
below show that the curve looks very much like that of an ordinary specific heat graph.  This is because the electron specific
heat is half the total specific heat and because the Lorenz number is 1.5 times the square of the electron specific heat times
the temperature factor.
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Figure 5.  Lorenz Number Variation for Copper
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Notice, again, that the Lorenz number near room temperature agrees closely with the accepted value, so Quantum
Mechanics cannot claim an advantage here.  

11.  Thermal Resistivity of Semiconductor Elements

The electrical resistivity equation for semiconductor elements (Eq. (12) in Ref. [15]) cannot be used in the thermal resistivity
equation--the resistivity calculated would be far greater than that observed.  So, what appears to be happening is that the
semiconductor elements function as if they were metallic elements with regard to thermal conduction.  Metallic atoms vibrate
thermally in space, and the electrons travel through the atoms and through the equivalent space between the atoms.
Semiconductor atoms vibrate thermally in time, and the electrons travel through the atoms and through the coordinate time
between the atoms.  There are no electrical effects, because the current in one direction (from hot to cold) is counterbalanced by
the return current (from cold to hot). 

Larson, in Ref. [19], p. 53, shows that the diamond structure leaves alternate atomic positions of the normal cubic structure
vacant to "accomodate the abnormal projection of forces in the secondary positive dimensions."  In addition, Ref. [20], p. 34,
states that "High-purity diamond is transparent to photons in a spectral range that is the widest among all the known solid
materials."  The transmittance for visible light has been calculated to be an amazing 71%.  We can infer from this that the
thermal electrons are probably following similar paths through diamond and thus avoiding passing through most of the atoms.
This provides the reason for the high thermal conductivity of diamond--the effective decrease of density--as will be seen now.
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Sample Calculation for Diamond at 300 K

From Ref. [15]: Tbc_C 287.28 (this is the semiconductor equivalent of Tsc)

Teff T Tbc_C 1 Teff 581.43T 300

From Reciprocal System Data Base: cp_e_C 3.11979 10 5 V/K

From Ref. [15]:  ρu 25755070686.736 10 6 w 12.0107 Z 8 s0 1.5382 Vuc 45.356

te_mod 4 tp 2 ts 2 datom 2 Tu 7.20423 1012

Determine the (metallic) electrical resistivity sans the temperature denominator:

ρbase_C
ρu
Tu

Z w
1



Vuc

st_u
3







s0
st_u

datom
du


1

te_mod

tp
2 ts 

1
3













2


ρbase_C 4.15351 10 8

ρeff_C ρbase_C T 1  ρeff_C 1.25021 10 5

ρθ_C

2
3

ρeff_C

cp_e_C
2 Teff 

 ρθ_C 14.72796 cm K / wattThus:
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κC
1

ρθ_C
 κC 0.0679 watt / cm K

This would be OK for graphite, but is positively incorrect for diamond--the thermal conductivity should be on the
order of 6 watt/cm K or more.  But:  as Larson explained in the above quote there are vacancies in the diamond
crystal structure--this implies that the thermal  electrons can pass through the crystal relatively freely, even though
electrical electrons cannot!   This effect may be represented by reducing the density using the factor
k_dens0_therm.  (Other possible factors to use in other situations:  k_s0 would be used for anisotropic or
amorphous substances; k_dens0_elec would be used for special cases in electrical resistivity.)

k_dens0_therm .01041 (some iteration may be required to obtain the correct factor)

ρbase_C
ρu
Tu

k_dens0_therm Z w
1



Vuc

st_u
3







s0
st_u

datom
du


1

te_mod

tp
2 ts 

1
3













2
 ρbase_C 4.32381 10 10

ρeff_C ρbase_C T 1  ρeff_C 1.30147 10 7

ρθ_C

2
3

ρeff_C

cp_e_C
2 Teff 

 ρθ_C 0.15332 cm K / watt

κC
1

ρθ_C
 κC 6.52239 watt / cm K, which is more like it
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Sample Calculation for Silicon at 300 K

From Ref. [15]: Tbc_Si 95.76 (this is the semiconductor equivalent of Tsc)

Teff T Tbc_Si 1 Teff 396.76T 300

From Reciprocal System Data Base: cp_e_Si 1.06785 10 4 V/K

From Ref. [15]:  w 28.0855 Z 8 s0 2.3287 Vuc 158.569

te_mod 4 tp 3 ts 2 datom 4.984

Determine the (metallic) electrical resistivity sans the temperature denominator:

ρbase_Si
ρu
Tu

Z w
1



Vuc

st_u
3







s0
st_u

datom
du


1

te_mod

tp
2 ts 

1
3













2


ρbase_Si 2.89792 10 8

ρeff_Si ρbase_Si T 1  ρeff_Si 8.72275 10 6
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ρθ_Si

2
3

ρeff_Si

cp_e_Si
2 Teff 

 ρθ_Si 1.28533 cm K / wattThus:

κSi
1

ρθ_Si
 κSi 0.77801 watt / cm K

This is close to the values in the experimental graphs of Ref. [18], pp. 150-151, and therefore no special
factors are needed.  Other semiconductor elements and compounds are handled in a similar manner.  The
reduction in the density factor should only apply to those rare substances which are relatively transparent.



thermo_resistivity_final.mcd                       65

12.  Thermal Resistivity of Anisotropic Elements, Heterogenous or Multiphase Mixtures, Metallic
Alloys--Disordered Solutions, Metallic Alloys--Ordered Solutions and Intermetallic Compounds,
Semiconductor Elements with Metallic Impurities, Semiconductor Compounds  

For all of these cases, the following algorithm may be used:

a.  Determine whether we are dealing with anisotropic elements, heterogenous mixtures, metallic alloys, etc., and
determine the necessary property values, such as Tsc or Tbc.

b.  Select the temperature T.

c.  Calculate the effective temperature:

Teff T Tsc 1 or Teff T Tbc 1

d.  Calculate the electrical resistivity eff. at Teff of the substance using the equations of Ref. [15].  Use the metallic
equivalent for semiconductor elements or compounds.

e.  From the Reciprocal System Data Base (or using Eq. (10) and Eq. (7) with a known value of cp_mole),  determine the 
value of cp_e_mean for T.  

f.  Then use Eq. (49) to calculate the thermal resistivity:

ρθ

2
3

ρeff

cp_e_mean
2 Teff 



The Reciprocal System Data Base automates all of this, and so the user need only select the value of T.
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13.  The Thermoelectric Figure of Merit

There has been much on-going research into finding optimum materials for thermoelectric generation.  What is needed is a
substance with low electrical resistivity but high thermal resistivity--the precise opposite of diamond.   The thermoelectric
figure-of-merit provides a means to compare prospective substances.  It's defined as (Ref. [7])

zT
S 10 6 2

ρθ T

ρ
 (58)

Substituting the expression for  given above,

(59a)zT

S 10 6 2
2
3

ρeff

cp_e_mean
2 Teff











 T

ρ


zT
2
3

S 10 6 2

cp_e_mean
2

T
Teff


ρeff
ρ

 (59b)
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zT
2
3

S 10 6 2

cp_u S 10 6 2


T
T Tsc 1  

a T Tsc 1  b 
a T b

 (59c)

where a and b are given on p. 15 of Ref. [15].  If Tsc +1 << T, then Teff = T and eff = , and 

zT
2
3

S 10 6 2

cp_u S 10 6 2
 (59d)

By inspection, a maximum value of zT would occur if S were equal to cp_u (which occurs at 0 K) but this is of course useless
in practice, because cp_e is 0 at this temperature as well.  On the other hand, if S were so large, in absolute terms, relative
to cp_u, the maximum value of zT would be 2/3.  This illustrates the importance of finding materials in which eff >> .

The Reciprocal System Data Base may be used to plot zT  vs. T so as to find the most suitable substances for
thermoelectric generation at a given temperature, by trial and error.  Eventually there will tens of thousands, or perhaps
hundreds of thousands, of compounds in the Reciprocal System Data Base, and each one of them could be screened for
suitability for thermoelectric generation.
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Sample Calculation for Bismuth Telluride, Bi2Te3

Bismuth telluride has been used for many years as the premier thermoelectric substance so it's worth examining its
properties.  From the Reciprocal System Data Base, using molecular (rather than aggregate) values at T = 300 K:

T 300 K

SBi2Te3 597.692 V/K
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ρBi2Te3 7.701 10 5 ohm-cm

zTBi2Te3
SBi2Te3 10 6 2

ρθ_Bi2Te3 T

ρBi2Te3
 zTBi2Te3 0.44785

Graphs of the molecular and aggregate calculations of zT for Bi2Te3 follow.  Ref. [7], p. 9-20 and p. 56-6, give the
graphs for Bi2Te3 calculated from conventional theory--these show that zT declines from .675 at 273 K to .15 at
473 K, but the mean is not far from what we calculate, .45. 
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Figure 6.  Thermoelectric Figure of Merit for Bismuth Telluride
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14.  Combined Electric and Thermal Currents, and Combined Longitudinal and Transverse Effects, in
a Magnetic Field

Now we're ready to solve the equations representing combinations of electric and thermal currents and combinations of
longitudinal and transverse effects for a conducting ribbon or bar in a perpendicular magnetic field.  For this we will follow the
technique given in Ref. [6], Chapter 8, but substitute Reciprocal System values for Quantum Mechanics values.  See Figure 3.

By definition:

Ex electric_field_intensity_in_x_direction V/cm (normally given)

V/cm (normally to be calculated from material property
values, like RH)Ey electric_field_intensity_in_y_direction

Gx x
Td

d
 thermal gradient in x-direction K/cm (normally given)

Gy y
Td

d
 thermal gradient in y-direction K/cm (normally to be calculated from material property

values, like AE and AL, discussed below)

Then, to first-order (neglecting second-order effects), the electric current densities in the x- and y-directions, and the thermal
heat flux densities in the x- and y-directions, in a perpendicular magnetic field, are:
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(60)Jx C1 Ex
C2 Gx

T
 D1 Ey

D2 Gy

T


Jy D1 Ex
D2 Gx

T
 C1 Ey

C2 Gy

T
 (61)

Qx C2 Ex
C3 Gx

T
 D2 Ey

D3 Gy

T
 (62)

Qy D2 Ex
D3 Gx

T
 C2 Ey

C3 Gy

T
 (63)

Ref. [6] supplies the approximate values for the C and D coefficients, as follows:

C1 σ ohm-1 cm-1 (electrical conductivity) (64a)

C2 σ T S 10 6 ohm-1 cm-1 V (64b)

C3 κ T
C2

2

σ
 watt / cm (65c)

C/(cm . webers)D1
1

2 RH Bz
1 1 4 RH

2 Bz
2 C1

2 
1
2







 (66c)

(where RH is the Hall coefficient and Bz is the known magnetic flux density in the z-direction)
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D2
AE Bz C1

2 AE Bz D1
2 T C2 D1

T C1
 V . C / (cm . webers) (66d)

(where AE is the Ettingshausen coefficient, discussed in the next section)

D3 C3 Bz σ RH watt . webers / (ohm . cm . C) (66e)

The Nernst coefficient (see Figure 3) is defined as

cm2 K / secAN

Ey
Bz

x
Td

d








 (67)

Compare this to the definition of the Hall coefficient:

RH

Ey
Bz
Jx
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A method to calculate AN is first to calculate a provisional value of Jx, and substitute RH . Jx into Eq. (67):  

AN
RH Jx

x
Td

d

 cm2 K / sec (68)

Once we have the Nernst coefficient, we can easily calculate the Ettingshausen coefficient (which captures another transverse
effect):

AE
T Gy

Bz Jx
 AE AN

T
κ
 K cm3 / watt-sec (70)

We can also now calculate another coefficient, the Righti-Leduc coefficient, which is defined as:

AL
Gy

Gx Bz
 AL σ RH cm2/volt-sec (71)

From AL and AE we can calculate Gy. 

Gy AL Gx Bz AE Bz
Jx
T


(72)
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One would think that there would be lots of example calculations and experiments in the physics literature to which we would now
turn for comparison with the Reciprocal System.  But this is not the case.  The authors of Ref. [6] candidly admit (p. 467):  "It is
vital to understand in advance that the derivations to be presented do not, in general, lead to formulas that allow calculation of all
of the foregoing quantities directly from physical factors.  This is possible only for a few specialized and very simple cases--and
solutions are obtained only for these cases.  But these solutions highlight the character of the problems, the points where
difficulties originate, and the general approach."  But that will not deter us.

Sample Calculation of Longitudinal and Transverse Electric Current Density and Thermal Flux
Density for a Copper Bar in a Magnetic Field

Assume that the following values are given and that magnetoresistivity changes are negligible:

TH 350 K TC 250

Tmean 300 K ρCu 1.73 10 6 ohm-cm σCu
1

ρCu
 σCu 5.78035 105 ohm-1 cm-1

(isotropic)
LC .5 m Bz 1 weber/m2 (SI units to be used with conversion factors)

dC 1 cm wC .5 cm A dC wC cm2

κCu 4.065 watt / cm K RH_Cu .728 10 4 cm3 / CSCu 2.6 10 6 V/K
(yes, it's positive)

Gx
TH TC

LC 100
 Gx 2 K/cmEx .01 V/cm

     Calculate the Nernst coefficient from the provisional value of Jx and the Hall coefficient:

Jx σCu Ex σCu SCu Gx Jx 5777.34104 amp/cm2 (provisional)
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AN_Cu
RH_Cu Jx

Gx
 AN_Cu 0.2103 cm2  / K sec (provisional)

Calculate the Ettingshausen coefficient and Righi-Leduc coefficient:

AE_Cu AN_Cu
Tmean

κCu
 AE_Cu 15.51994 K cm3 / Joule

AL_Cu σCu RH_Cu AL_Cu 42.08092 cm2/volt-sec

Calculate the C's and D's:

C1 σCu C1 5.78035 105 ohm-1 cm-1

C2 σCu Tmean SCu C2 450.86705 ohm-1 cm-1 V 

C3 κCu Tmean
C2

2

σCu
 C3 1219.85168 watt / cm 

D1
1

2 RH_Cu
Bz 

10000


1 1 4 RH_Cu
2 Bz

10000








2

C1
2









1
2















 D1 2432.46648 C/(cm . webers)

D2
1

10000

AE_Cu Bz C1
2 AE_Cu Bz D1

2 10000 Tmean C2 D1

Tmean C1
 D2 1.09308

V . C / (cm . webers)
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D3 C3
Bz

10000
 σCu RH_Cu D3 5.13325 watt . webers / (ohm . cm . C)

Determine the value of Ey from the Hall Coefficient:

Ey Jx RH_Cu
Bz

10000
 Ey 4.2059 10 5 V/cm

Note: Conventional theory assumes that we should also add the contribution to Ey from the thermal current, using AN;
however, in the Reciprocal System, there are two thermal currents--the thermal electron flow from hot to cold and the return
thermal electron flow from cold back to hot.  Therefore the net change to Ey is zero from the Nernst effect, even though the
magnetic field is effective in deflecting the thermal current in both cases (in opposite directions).

Determine the value of Gy from the Ettinghshausen coefficient and Righi-Leduc coefficient: 

Gy AL_Cu Gx
Bz

10000
 AE_Cu

Bz
10000


Jx
Tmean
 Gy 0.02147 K/cm
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Finally, compute the electrical and thermal fluxes in the x- and y-directions:

Jx C1 Ex
C2 Gx

Tmean
 D1 Ey

D2 Gy

Tmean
 Jx 5777.44327 amp/cm2

Jy D1 Ex
D2 Gx

Tmean
 C1 Ey

C2 Gy

Tmean
 Jy 0.0119 amp/cm2

Qx C2 Ex
C3 Gx

Tmean
 D2 Ey

D3 Gy

Tmean
 Qx 3.62335 watt/cm2

Qy D2 Ex
D3 Gx

Tmean
 C2 Ey

C3 Gy

Tmean
 Qy 0.15142 watt/cm2

The provisional value of Jx, 5777.341, is very close to the final result, 5777.44, so there is no need to iterate. 

Note:  the above calculations meet the requirements of the approximations used in developing the equations, namely
that under ordinary conditions, |Jx| >> |Jy| and |Qx| >> |Qy|.  If you use the above equations with a different set of input
values and find that the output does not meet the ordinary conditions, then the equations might not be appropriate for
that situation.
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15.  Magnetoresistivity

As discussed above, electrons moving originally in the x-direction are deflected to the y-direction by a transverse magnetic
field, B, in the z-direction.  Therefore, their trajectories are different from what they would otherwise be and, as such, the matter
density and interatomic distance "seen" by the electrons will change, and thus the electrical resistivity will change.  This is a
secondary effect and requires detailed knowledge of crystal geometry for each situation.  Therefore, no general equation can
be given for this effect, but the Reciprocal System Data Base allows entry of special factors to handle this situation, including
the following:

k_s0 multiplicative factor for interatomic distance s0; s0 is the shortest interatomic distance in the crystal unit cell
at 0 K; if the magnetic field causes the electrons to move in such a way as to increase this distance, then this
factor is used to multiply s0 to provide the actual interatomic distance the electron travels; this factor is also
used for anisotropic crystals and amorphous substances and special geometries (like nanotubes)

k_dens0_elec multiplicative factor for the density (Z . w / V) in the equations for electrical resistivity; if the
magnetic field causes the electrons to miss travelling through certain atoms, then the effective
mass density is reduced; this factor is also used for amorphous substances

k_dens0_therm multiplicative factor for the density (Z . w / V) in the equation for thermal resistivity; if the magnetic
field causes the electrons to miss travelling through certain atoms, then the effective mass density is
reduced; this factor is also used for unusually transparent substances like diamond

Ref. [22], p. 4-91, says, "Observed values of /o for simple monovalent metals, such as Au, are small, only of the order of 10-3

at 10,000 gauss and 20 K, but may be large for more complex metals.  Resistance changes of several orders of magnitude are
found in Bi, Sb, and As at low temperatures and high fields."  Conventional theory uses very complex "energy band" theory to
explain this phenomenon, in contrast to the Reciprocal System, where it's simply a question of geometry and applying the
Lorentz force to figure out the true electron path.

As a quick approximation, we can compute the new path length and angle and then take the ratio of the new path length to the
original and assume that the ratio of new resistivity to old resistivity  would be the same ratio.  So
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J Jx
2 Jy

2 amp/cm2 (73)

ϕ atan
Jy
Jx









 radian (74)

LC_Bz
LC

cos ϕ( )
 m (75)

ρBz ρ
LC_Bz

LC
 ohm-cm (76)

For the sample problem in Section 14 and adding many more decimal places to the results:

J 5777.44326945 amp/cm2

ϕ 2.06029 10 6 radian

LC_Bz 0.500000000001061 m

ρBz_Cu ρCu
LC_Bz

LC


ρBz_Cu 1.730000000004 10 6 ohm-cm

Obviously these results are negligible here because the value of Bz for the sample problem is only 1 weber/m2.   For higher
values, the effect would be more noticeable.  And, of course, the values of thermal resistivity would be similarly affected.    
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Conclusion

The Reciprocal System represents a new paradigm for theoretical physics.  The nuclear theory of the atom and solid state
band theory are therefore not used.  Massless, chargeless electrons are the carriers for thermal and electrical currents, not
charged electrons or "holes" or excitons or polarons or anything else from the half-world of Quantum Mechanics.  New
equations for thermal resistivity and conductivity, thermoelectricity, thermomagnetism, and related phenomena have all
been derived from the Postulates of the Reciprocal System.  Comparisons with experimental data have been made where
feasible; given the wide variation of these data, the agreement is, on the whole, acceptable.
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