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Abstract. In the first part of these lecture notes we introduce the phenomenological equations for
describing the heat and charge transport in thermoelectric samples. We discuss the solution obtained
for various boundary conditions that are appropriate for the homogeneous and inhomogeneous
thermoelectrics. In the second part we develop the formalism for a linear-response many-body
description of the transport properties of correlated electrons. By properly determining the local
heat-current operator we show that the Jonson-Mahan theorem applies to the Hamiltonians that
are commonly used for the intermetallic compounds with Cerium, Europium and Ytterbium ions,
so the various thermal-transport coefficient integrands are related by powers of frequency. We
illustrate how to use this formalism by calculating the thermoelectric properties of the periodic
Anderson model and, then, show that these results explain the experimental data on heavy fermions
and valence fluctuators. Finally, we calculate the thermoelectric properties of the Falicov-Kimball
model and use the results to explain the anomalous features of the intermetallic compounds in
which one observes the valence-change transition.
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INTRODUCTION

We are interested in the processes that occur in a thermoelectric sample connected to two
reservoirs on different temperatures, chemical potentials, and voltage. The temperature
difference, AT, and the difference in the voltage and chemical potentials, AV and Ap,
give rise to the charge and energy transport through the sample that would bring, eventu-
ally, both reservoirs into equilibrium. For a given thermoelectric material and the bound-
ary condition defined by AT, Ay, and AV we ask what is the distribution of temperature,
electrical and chemical potential in the sample and how are the current densities related
to the gradients VT (x), V@ (x) and Vu(x), where ¢(x) and p(x) are the electrical and
chemical potential, respectively. These questions can be answered by solving the trans-
port equations, together with the continuity equations and the Maxwell equation. The
transport equations relate the currents to the driving forces, which are assumed to be
given by a linear combinations of the gradients VT (x), V@ (x) and Vu(x). The transport
coefficients are specified by the thermoelectric properties of the sample and can either
be obtained from the measurements or calculated from a microscopic model. The choice
of the currents and the forces is not unique, i.e., the transport equations can be written in
a number of equivalent ways. Here, we consider only the pairs that lead to the symmetric
transport coefficients. In what follows, we derive the compleat set of equations for the
thermoelectric problem and discuss the solution. We neglect any changes in the thermo-
dynamic state of the reservoirs and assume that each elementary (macroscopic) volume
of the sample can be described by local thermodynamic functions. In our case, the lo-
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cal quantities describe a system of interacting particles in the presence of an external
potential.

The currents generated by the driving forces give rise to irreversible processes that
increase the entropy of the thermoelectric sample. The rate of change of the entropy is
obtained from the integral[1, 2]

S:/d3x s(u,n), (1)

where s(x) is the local entropy density, n(x) particle density, u(x) the energy density,
and the integration is over the sample. Using the first law of thermodynamics,

ds ds

where ds/du = 1/T and ds/dn = —u /T, we can write the rate of change of entropy as

ds ldu udn

i 7 PR (e it O 3
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The conservation of charge and energy provide the continuity equations that relate the

time-derivatives of the charge and energy densities to the divergencies of the correspond-
ing current vectors,
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where J(x) and J,(x) are the charge current density and the energy current density,
respectively. The continuity equation can also be written in terms of the internal energy
current density, Jg = J, — ¢J,

du
7 +V-Je=E-]J, 6)
where E = —V¢ is the external field. In a stationary state, where du/dt = 0, the total
energy current is conserved, V - J, = 0, while V - Jg is equal to the work E - J which is
done in the system by the external field per unit volume and time.
Using the continuity equations and substituting V-Jg = TV(Jg/T) — TJeV(1/T)
and (u/T)V-J=V(uJ/T)—JV(u/T) we rewrite Eq.(3) in the form

s _ (s L]y g Ly . 1_/3 Je—ul/e
dt_/de{J (E-—vE)+3; TVT} v Lk 7

that allows a simple interpretation[1, 2]. The second term can be trqgansformed into a
surface integral which gives the entropy change arising from an entropy current flowing
across the boundary of the sample. Inroducing the heat current density Jo = Jg — uJ/e
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and the entropy current density Js = Jo /7, the rate of change of the entropy due to these
boundary currents can be written as,

—/d3xV-J?Q:—/ dA -Js. (8)
sur face

The first term in Eq. (7) gives the rate of change of the local entropy density at each
point of the sample, as described by the expression,

dSV T
T—-=J-(E- =V
dt T e

u 1
- -TV—. 9
T) +Ie TV ©)
In a stationary state, the forces and currents are time-independent and all the entropy
produced locally is transported out of the sample by the entropy current.

The charge and energy conservation allow us to express the rate of change of the local

entropy density as a scalar product

dSV L L
T2V —yxk g 10
dr J Xq) JE XE, (10)

where J and Jg are the currents corresponding to the generalized forces,

u p, uT 1
E__y Ll W skl v Al
T (¢+e) e T’

1

L

= TV—. 11
X7 T (11)

T
Xy = ~Vo -V

Following Onsager, we introduce the generalized current vector
J= (PP I 0008 = (0 d6), (12)

and the generalized force vector

ﬁ:(xf,xg’,xf,xg,xg,xg):()?1,...,326), (13)
such that R
dSV Jf(
il A el 14
dt T (14)

Finally, assuming that the system is close to an overall equilibrium, and that the gener-
alized forces are small, we approximate the current vectors by a linearized form,

Ja=Y Laph. (15)
b

The general arguments of irreversible statistical physics show that one can define the
currents and the forces in a number of ways but as long as the scalar product in Eq. (14)
is conserved the transport coefficients are symmetric and satisfy the Onsager relations
[1,2,3].

Lup = Lpg- (16)

Correlated thermoelectrics March 16, 2008 3



Note, the transport equations and the continuity equation are not sufficient for a unique
determination of the current vectors and the scalar fields 7' (x), ¢(x) and u(x) for a
given set of boundary conditions. To obtain the complete solution we have to relate the
electrical potential to the charge and current densities by the Maxwell equations. For a
non-magnetic sample without the displacement currents these are

10B

V.E = 4rpr vxE=_ 9B (17)
c ot
4

V.B = 0 VxB=-"jT (18)
C

where pT =P + Pexr and J T — J+J, are the total charge and current densities, Pey
and J., are the external charged and current densities, and p = e(n — ng), where ng is
the equilibrium number density of electrons in the sample.

We now have a complete set of equations and can find the solution of the thermoelec-
tric problem by the following procedure. For an arbitrary choice of 7(x), ¢(x) and p(x)
find the local values of n(x) from the partition function and obtain the current densities
J and J, from the transport equations. Use Maxwell equations to obtain a relationship
between E(x), B(x), n(x) and J(x), and solve these equations to determine the electrical
field for a given value of T (x) and p(x). Alternatively, if no current is flowing, deter-
mine the electrical potential for a given charge distribution which depends on 7' (x) and
1 (x) from the Poisson equation. Finally, use the continuity equations to find the distri-
bution of temperatures and the chemical potential in the sample. The particular solution
obtained in such a way depends on the choice of transport coefficients (they describe the
sample) and on the boundary conditions (they describes the reservoirs).

PHENOMENOLOGICAL EQUATIONS

The irreversible thermodynamics[1, 3] deals with the systems subject to a thermal gra-
dient, and the inhomogeneities in the electrical and chemical potential. The inhomo-
geneities of 1 (x) are due to it deviation from the uniform chemical potential y, that we
use to control the total number of particles in the sample. The electro-chemical potential
which drives the currents in the absence of the temperature gradient is ¢ = ¢ + tt/e; the
electro-chemical field is £ = —V(¢ + u/e).

The pair (J,Jg) and (xé,x%) which we introduced before is convenient because the
coefficients L, can be calculated for a given Hamiltonian by the linear response theory.
The phenomenological transport equations read,

J(x) = Liuxg+Lixs,

(19)
Je(x) = Laixj+ Lopxy,
and the corresponding continuity equation is
V-Jg=E-], (20)
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which shows that the Joule heat is the “source” of the energy current. The transport coef-
ficients in these equations have been used by Lutinger [2] to relate the phenomenological
description of heat and charge transport to microscopic calculations.

Mahan[4] redefines the coefficients and the forces as L; i =TL;; and xb =xM /T, such
that

M — _ﬂ_lvﬂ
¢ T e T’
1

Since we have L; ij =1L, ij, the scalar product J - X is obviously conserved and the
transport equations read

B V7 S U TOR

= —Ly[—=+-VZ vV

J(x) Lu[T + T]+L12 7
(21)

oz Vo 1_u. - 1

JE()C) = LZI[T +eVT]+L22VT.

The coefficients L;; are also convenient for relating the phenomenological theory to
microscopic calculations[4].

In addition to the charge current density J and the energy current density Jz one often
considers other pairs of currents, like the number current density Jy = J/e and the heat
current density Jo = Jg — (1/e)J = J, — ¢ J or the entropy current density Js = Jo /T
or the total energy current density J,. In a non-interacting system, Jp = J,, — ¢ J is field-
free, i.e., Jo = Jx describes the kinetic energy current. *This agrees with the intuitive
notion of the heat (current) as a kinetic energy current’[1].

Most applications use transport equations with the charge current J and the heat

current Jo = TJs. The condition

eIy (X)x¢ +TJs(x)xg = —Iy (x) VR (x) = Js(x)VT (),

gives the generalized forces

Vil _
x{ = ——“z—w,

e

1
xg = —TVT, (22)

where [i = e¢. The transport equations are

Jx) = —GnVe(x)— Glzvj;,(x) ;
(23)
Jo(x) = —GuVe(x)—Gn VY;,(X)
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and the coefficients G;; satisfy Onsager relation. Equating the currents in Eqgs.(23) and
(19) we find Gy} = Lj; and G = Ly — (,u/e)Ln. Equating JE(X) = JQ()C) for J =0,
and using V¢ = (G12/G11)VT /T), gives Goo = Loy —2(t/e)L1o — (11 /e)*Ly;.

The continuity equation for the heat current density g(x,?) is

dq _
—+V-Jo=E-J. 24
dt+ Jo J (24)
Callen[1] redefines the coefficients in (23) as N;; = T G;; and the forces as
vé
o= Y
T
N — IV —Vl
Xop = —@mVI =V (25)
The transport equations now read
Niigr N
= ——V¢——=VT
o = —=vg-Z2vr,
(26)
Ny Nao
= ———V¢—- —=VT.
Jo(x) Vo

Another pair[4] that is often used for a system of particles moving in an external field
—V¢(x) is the charge current J(x) and the total energy current J,(x) = Jo(x) + ¢J(x).
The invariance of the scalar product

Vo 1
IE 4+ JxE = —J- IV
gives the generalized forces
x! = —VQ
T
1
xl; = V=
The transport equations are
I = v pv)
xX) = Vg Vo,
(27)
) 1
Ju(x) = —P21V%—P22V7'

The coefficients F;; satisfy Onsager’s relations and are related to L;; or L; ;j in an obvious
way.
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PHYSICAL INTERPRETATION

Transport equations describe the properties of a sample connected to the reservoirs at
different temperatures and electro-chemical potentials, such that the charge and heat
currents flow from one reservoir to the other. The currents flow in response to the
external perturbation, so as to bring the system in the equilibrium. Since the driving
fields are given by the gradients of potentials, the particles move towards the potential
minimum.

Physical interpretation of the transport equations is particularly simple if we define a
new set of transport coefficients in the following way: ¢ = Gy, oo = G12 /T, B = Gy,
and K = G /T. The transport equations then read[5],

Jx) = —oVo—ocaVT,
Jo(x) = —BVo — kVT, (28)

where o can be interpreted as the electrical conductivity and o as the Seebeck coef-
ficient. However, V¢ and VT are not the correct generalized forces for the currents
J(x) and Jp(x) and the symmetry between transport coefficients is lost, i.e., B # oo
(B = oaT). The first part of the heat current in Eq.(28) arises because the electrons ex-
perience a change in the velocity when there are local inhomogeneities in the electrical
potential. In a stationary flow, this additional kinetic energy is converted into reversible
thermoelectric heat. The second term of the heat current is due to the diffusion of par-
ticles from the high to low temperatures. The overall entropy production can be written

as[5], ) )
ds vr
E:/[K(T—z)Jr%]dVZO’ )

where the thermoelectric term has been eliminated by partial integration. The thermo-
electric effects are reversible and do not change the total entropy, even though they
produce the local heat and transfer the entropy from one part of the system to another.
The overall entropy production is manifestly positive-definite.

Transport Eqgs.(28) together with Maxwell equation (18) and the continuity equations
(4) and (5) determine completely the electrodynamics of a conductor in which the cur-
rents flow due to the electrical and thermal fields. The solution provides the distribution
of electrical fields, temperature, current and heat current in the sample for any value
of kinetic coefficients o, a, Il and k, and for any value of the external potential drop
AV and temperature difference AT. These coefficients can either be calculated from the
Hamiltonian or taken as material-specific constants. In microscopic calculations we ex-
presse the coefficients in Eqgs.(28) through the Luttinger coefficients which are directly
related to the correlation functions of a given microscopic model. We have ¢ = L;; for

the conductivity,
1 L3,
K= |Lon—7=
T Ly
for the thermal conductivity, and

. 1 L12/€
a_eT <L11/€2 ‘u>
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for the Seebeck coefficient.
The analysis of thermoelectric effects simplifies if we write the charge and heat

currents as[5],
J(x)=c(E—aVT) (30)

Jo(x) =T1J(x) — x VT, 31)

where IT = aT is the Peltier coefficient and k = aff — K is the thermal conductivity.

Thermoelectric heat. The total energy generated per unit volume and unit time is
uw=—V-J, Using Jo = J, — ¢J, together with Egs.(31) and (30), gives

2
= Jg +div(kVT) - TIVa. (32)

The first term gives the rate at wich the heat is produced by the Joule heating, the second
term gives the change due to the heat flowing down the temperature gradient, and the
third part gives the change due to the thermoelectric heating ii7r = jJTV «. In a stationary
flow, it = 0, the above equation determines the temperature profile in the sample.

Ohm’s law. In the absence of the temperature gradient, the current flowing in a
homogeneous sample, such that Va = 0, obeys the Ohm’s law J = —oV¢. The current
flowwing in an external field gives rise to the energy dissipation which is given by
the Joule heat ¢ = J?/o. Unless taken away by an energy current, this heating would
increase the local temperature.

Thermal conductivity in an open circuit. 1 the absence of the charge current, Eq.(31)
gives
JQ(X) = _KVT(X)a

which is the Fourier’s law for the heat flow due to temperature gradient. In a homoge-
neous sample, this flow generates the energy dissipation div(xVT). For a linear tem-
perature profile in a uniform sample, such that V>T = 0, and ¢ = div(xVT) = 0. linear
temperature profile leads to the heat conduction which does not change the entropy of
the electron gas.

Thomson heat. In a uniform conductor the coefficient o depends on x only through
temperature, so that Vo = (da/dT)VT. Thus, the current flowing through a uniform
conductor in the presence of a temperature gradient VT generates the Thomson heat,

gr = —JpVT. (33)

where the Thomson coefficient p = —Tda/dT. Contrary to the irreversible Joule heat,
the Thomson heat is linear in J and can be either positive or negative.
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Peltier heat. The Peltier effect is produced when the current crosses an interface
between two different materials, say 1 and 2. In the absence of a temperature gradient
Eq.(32) shows that the heat dissipated on the interface is

qn=-TJ-Va, (34)

where we neglected J* with respect to J. Integrating over an infinitesimally thin volume
element that contains the interface, and using Gauss theorem, gives the heat density
generated by the current passing through the interface,

Jn =J1;, (35)

where
M, =T (0 —y) (36)

is the Peltier coefficient, and a(2) and (1) are the Seebeck coefficients of the material
to the left and to the right of the interface. Since the sign of J is arbitrary, the current
flowing through a thermoelectric element at a constant temperature will dissipate or
absorb the heat as it crosses the interface. Eq. (36) follows from the Onsager’s relation.
The Peltier and Thomson coefficients are related,

p2—p1 _ d(Ilp/T)
T dT

The Peltier heat is due to the fact that the entropy of n electrons which cross the
interface is not the same on the two sides. Even for non-interacting electrons, the
structure of the energy levels is different in two metals, so that the partition functions
and the entropies of n electrons crossing from one metal to the other, in unit time, are
different on two sides. Thus, the electrons or holes absorb or emit some heat as they
cross the interface and get thermally distributed over available energy levels.

What happens if the heat current flowing through the interface and VT # 0? Because
the temperature, the electrochemical potential, the normal components of the heat cur-
rent and electrical current, are all continuous at the interface, Eq.(32) gives in a stationary
state,

. (37)

dT |
JT(op—0q)—xk—| =0. 38
X ( 2 1) dx | ( )
If we neglect the Thompson and Joule heat, the heat current entering the interface is

K ‘é—z |1 and the heat current leaving the interface is x fl—z ‘2. The heat current densities at

the two sides of the interface differ by k(d7 /dx|, — dT /dx|,) = j 112, i.e., they differ
by the Peltier heat given away or taken at the interface in unit time.

Thermoelectric power. In the stationary state, the temperature distribution in the
sample is obtained from the condition J?/o +div(kVT) — TJVa = 0, the electrical

field E(x) follows from the transport equation, and the total potential drop across the
sample is given by the integral

AVz/Oade(x):/oadx [%—FONT()C)]. (39)
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In an open thermoelectric circuit, as the one used for measuring the Seebeck coefficient,
we have J = 0 and obtain the electromotive force between the end-points a and b as,

b dT T(c) T(c)
& = / dxa(1) - = /T CGR /T ) AT, (40)

01 (T) and o(T) are the Seebeck coefficients of metals 1 and 2, and T'(a), T(b), and
T(c) are temperatures at the points a, b, and c, respectively. If T(a) = T(b) = T and
AT =T(c)—T(a) is small, then

T+AT
br =/T dT (0 — ) ~ AT (0(T) — oy (T)). (a1
The Seebeck coefficient is defined by the ratio AV /AT, where AV = &7. For constant
o(x), we have simply AV = oAT. In a thermoelectric power generator one has to
consider the case J # 0.

The Seebeck voltage appears because the charged particles diffuse from the hot to
the cold end and the imbalance of charge gives rise to a potential gradient across the
sample. In a quasiparticle picture, the electrical energy required to transfer n electrons
from the hot end to the cold end against the voltage AV is balanced by the change in
thermal energy (that is, the heat). Neglecting the shift of the quantum states due to the
external potential, we approximate neAV ~ SAT, where n is the particle density and S the
entropy density of the charge carriers. This gives the approximate relationship between
the Seebeck coefficient and the entropy as

o(T) = ——. (42)

SOLUTION OF PHENOMENOLGICAL TRANSPORT
EQUATIONS

The heat and charge transport in a given thermoelectric device are described by the
phenomenological transport equations

J=0cE—-ocaVT, 43)
Jo=aTJ—«VT, (44)

that have to be solved together with the continuity equations for the charge and energy
densities,

dn
du
i =V-Ju, (46)

and Maxwell equations for the electrical and magnetic fields. The particular solution of
these equations describes a thermoelectric device that can operate as a refrigerator or a
power generator, depending on the boundary (or the initial) condition.
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Simple thermoelectric device. Consider, as an example, a stationary state of a
system shown in the figure. We want the distribution of temperatures, electrical field, and
the currents in the sample of length a and unit cross-section A, which is connected to the
heat and charge reservoirs at points x = 0 and x = a. The first reservoir is at temperature
Ty, and the second one at Ty. The sample is characterized by transport coefficients o, «,
and k. The boundary between the sample and the reservoirs is considered to be ’ideal’,
i.e., without any effect on thermal transport. Magnetic effects are neglected.

For a given current J, temperature Ty and Ty, we find T'(x), E(x), and the heat current
Jo(x) in the sample. If we specify the cooling rate at the source (the heat leaving the
source in unit time defines Jp in Eq.(44), we can determine Tj for each J and T,.

Temperature distribution. 1In a stationary state, the energy produced in unit time in
volume d>x around point X is transported out of that volume by the energy current.
The temperature profile of the stationary state is defined by the continuity equation
—VJ. = —VJo+J-E = 0. This leads to the Domenicali equation,

2
div(kVT) + Jg —~TJVa =0, (47)

which has to be solved together with the boundary condition 7/(0) = Ty and T'(a) = Tj.
In a uniform system o(x) depends on x only through temperature, such that Vo, =
(da/dT)VT, which simplifies Eq.(47) to

¥ o d

~div(kVT) =" -] Yrvr. 48)

dT

The last term is the Thompson heat generated in unit time and do/dT is the Thompson
coefficient. The integration of Eq.(48) gives, for constant o,

J? J do

—kVT(x) = —x+F—% —T? 49
KVT (x) Gx—l— > T (x) (49)
and, for constant k.,
J? 2 Jda *_,
—kT(x) = ——+F —— | T
KT (x) 52 +Fx+G > a7 Jy (x), (50)

where the integration constants in Eq.(48) are to be determined from the boundary
condition for 7'(x) at x = 0 and x = /. In what follows, we consider two limiting cases,
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which can be solved analytically. First, we keep the Joule heat and neglect the Thompson
heat. Second, we neglect the Joule heat and keep the Thompson heat. In the general case,
the 7' (x) can be obtained by iteration, and the lowest order iterative solution is quite
simple.

If we neglect the Thompson heat, the boundary values 7'(0) = Ty and 7' (a) = T give

G =—xT

and
J2
F=—K(Ty —Tp) —R?,
where K = «/l, and R = [,/0 are the thermal conductance and electrical resistance,
respectively. (The sample is of a unit crossection.) From Eqs.(44) and (49), we can find
the cooling rate at the source for given J and AT =Ty —Tj,.

Alternatively, rather that using the boundary value for 7'(x), we can use the initial
condition for the thermal current, Jo(x)|x=0 = qo, and find F from Eqs.(44) and (49) at
x=0,

F=—- KVT’x:() = (q() — OCT()J).

Together with 7' (x)|,_, = T, and Eq.(50) this provides temperature 7y at the source.
The slope of T'(x), for 0 < x < ,, is given by the expression,

X

KVTu):—RJ2l

R
+§ﬁ+mn—mx 51)

which shows that VT (x) is enhanced with respect to (T4 — Tp) /1, for 0 < x <1,/2 and is
reduced for [,/2 < x < I,. Since temperature is constant at the source and the sink, and
T (x) has a finite slope at Ty and Ty, temperature is a continuous function with a kink at
Ty and Ty.

Thermal current. Substituting VT (x) given by Eq.(51) into Eq.(44) gives at the
source (x =0, T(0) = Tp),

RJ?

Jol—o = OCTOJ_K(TA—TO)_T- (52)
The first term is the Peltier heat generated by the electrical current at point x = 0 where
the sample is attached to the reservoir, the second term is the heat flux diffusing from the
source to the sink due to the temperature difference (74 — 7p), and the last term is 1/2 of
the Joule heat generated by constant current J in the sample of length a. Interestingly,
one half of Joule heat generated in the sample is returned to the source. For T4 > Ty, the
heat is taken out of the source, provided the Peltier heat overcomes the diffusion heat
and 1/2 of the Joule heat.

The thermal current arriving at the sink, is

R 2
JQ‘xa:OCTAJ—K(TA—To)—f-%, (53)
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which shows that one half of Joule heat generated in the sample is taken away by the
outgoing heat current and dumped into sink.

For given temperatures of the source and the sink, the heat current Jo(7p), defined by
(52), is pumped out of the source in order to maintains the stationary state. The parasitic
heat which enters the source, say, because of poor thermal insulation, is removed by the
thermoelectric device which operates between 7j and Ty at current J. The accompanying
thermal field 7' (x) is defined by Eq.(50). If the current is switched on when the source
and sink temperature are equal, the heat current Jo = aJT; —RJ 2 /2 starts flowing out of
the source. As long as the parasitic heat which is entering the source is less than Jo(7p)
(the heat current pumped out of the source in a stationary state), heat will be removed
from the source and its temperature will drop. The stationary state is established at T,
when the heat removed from the source matches the parasitic heat.

Figure of merit. For a given Ty and Ty, the heat current pumped out of the source
in a stationary state depends on J, as shown by Eq.(52). The maximum cooling power at
the source is obtained for dJgp /dJ = 0, which defines the optimal current,

aly
Jopt: R’
and gives,
272
o T
Jrax— Z 0 K(T, —T;

But running the device with J,,; and removing the heat at the rate Jg“x is not the most
efficient mode of operation.

If the source is thermally isolated, the device will keep removing the heat and reducing
Ty, as long as Jo(Tp) > 0. For given temperature of the sink 74, the lowest T (maximum
of AT = Ty — Tp) is reached when the thermoelectric reaches the state Jp = 0, which
gives, )

aloJ RJ
(Tx—To) = X K
The maximum A7 which one can achieve using a given thermoelectric material is
obtained for J = j,,, such that

1
(Tx — To) Max = 3 ZT38,

where, Z = 6 o? /2 is the figure-of-merit of a given thermoelectric.

Coefficient of performance. When the device operates as a fridge, the coefficient
of performance is defined by the ratio of the heat taken from the source and the power
supplied by the battery. This power has to maintain the heat flow from Ty to Ty < Ty
and compensate the Joule losses and is given by the difference between the outgoing
(source) and the incoming (sink) heat currents, W = [Jol,_, — [Jo],_,- Using Egs. (52)
and (53) we find,

W = a(Ty — Tp)J +RJ?, (54)
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so that the coefficient of performance is

_ qc _ aToJ —K(Ty —Tp) —RJ?/2

b =
w a(Ty —Tp)J + RJ?

(55)

The optimal performance follows from d®/dJ = 0, which gives the optimal current

_ OC(TA—T())
R[(1+ZTy)'V/2 -1’

(56)

where Tyy = (T + T») /2. The best efficiency is,

o T (14+ZTn)'"2—T)/Ty 5
max — - 1/2 . ()
Th—To 1+4ZTy)V/>+1

& approaches the Carnot efficiency for Z — oo,

Efficiency coefficient. When the device is operating as a generator, the efficiency
coefficient is defined by the ratio of the useful power of the external load, W = R} ouds
and the heat taken from the source. (We now have, Ty < Ty.) The efficiency 7 is defined
as,

w J 2RLoad

Jo  aTJ—K(Ty—Tp) — RJ?/2

The current is driven by the Seebeck voltage and given by J = a(Ty — T4 ) /Rroaq» Where
we neglected the resistance of the thermoelectric with respect to R;,,q. As shown by
TIoffe[6], maximizing with respect to Ry .4 /R gives,

To—T, V1+ZTy—1
g o Ta) VIt 2 (59)

To \/1—|—ZTM—1—TA/TQ

n= (58)
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Hetero-structures

Suppose we consider the device consisting of a thermoelectric B of length b con-
nected to the thermoelectric A of length a. The transport coefficients are 6y, 0t4, K4, and
Op, O, K, and the cross-sections are A, and Aj,. The thermoelectric A extends from
x =0 to x = a, where it connects to the sink at temperature Ty, and the thermoelectrics B
extends from x = 0 to x = —b, where it connects to the source at 7. The contact between
the two thermoelectrics, at x = 0, does not impede the heat and charge transport, and
temperature at the contact is 7p.

We consider the stationary state with constant electrical current, with the sink at
temperature Ty, and the source at 7p. The heat Jg is taken out of the source by the

thermoelectric B and the heat J4 dumped in the sink by A. The previous analysis shows
that the cooling power of B depends on 7 and Ty, and of A on T4 and Tp. Assuming a
stationary state and constant current we can find T, performing the analysis of the heat
and charge transport in A and B in the same way as before. The boundary conditions
are shown in the figure above.

The Domenicali equations for A and B are the same as before, and all the results are
obtained by using Eqgs. (47) to (51) with o4, o4, K4 for A, and by op, K4, kg for B, and
by taking care of temperatures at the source, at the sink and at the boundary between A
and B. For a general point x € (0,a) in A and x € (—b,0) in B the solution can be written

as, P
—KA7BVT()C> = —X+FA7B, (60)
OA B
and
J2 .X2
—ka BT (x) = — = +Fap x+ Ga 3, (61)
OA B 2 ’

where the integration constants follow form the boundary condition for the thermal field.
From Eq.(61) and T(—b) = Tp, T(0) = Tp, which holds in B, we find Gg = —xpTp, and

Fg = —KB(TQ — TB) + Rp J2/2,
while from 7'(0) = Ty, and T (a) = Ty, which holds in A, we find G4 = —x4 Ty, and
Fy = —Ku(Ty —Ty) — Ry J?/2,
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where K, g and Ry p are the thermal conductance and the electrical resistance in A and
B, respectively. Note, the opposite sign of the Joule term in F4 and Fp. However, the
problem is not solved unless we specify 7.

Temperature at the boundary follows from the condition that the heat current us
continuous from A to B. Using Eq.(60) for VT (x) we calculate Jo(x) = aTJ — kVT (x),
atx =01in B and A, which gives,

Jo|,_o = aBToJ + Fz, (62)

and
A
Jo

= 0sToJ + Fy, (63)
x=0

where Fy and Fp are the integration constants of Deminicalli equations in segments A
and B, respectively. Matching the heat currents gives an equation for 7,

RpJ? RuJ?
OCBT()J — KB(T() — TB) + BT = OCAT()J —KA(TA — To) — AT (64)

which takes into account that 1/2 of the Joule heat generated in B is transferred at the
boundary to A, and that 1/2 of the Joule heat generated in A is returned to B. In the
absence of electrical current, we have Kg(To — Tg) = Ka(Ta — Tp), which gives

. KsT) + KpgTp

TO ;
K4+ Kp

so that VT (x) has a break at T unless K4 = Kp. If J = 0, the heat flows in the stationary
state without any losses. But if J ## 0, the temperature profile is parabolic in each seg-
ment and the difference in the heat current entering at B and leaving at A is R% /24 R123 /2.

Similarly, using the condition that the heat current leaving the source is equal to the

heat current in the thermoelectric B at point x = —b, Jg = opTp) — xgVT|,__ b WeE get
an equation for 73,
B J 2RB
Joo = apTp) — Kp(To — Tp) — B (65)

if we specify the cooling rate at the source. Eqs.(64) and (65) provide a set of linear
equations for 7 and 7.

We can now calculate the maximum temperature difference, AT, the coefficient of
performance and the efficiency coefficient, and find the currents which maximize these
coefficients. We can then express these maximal values in terms of effective figures of
merit Zg and Z?‘], which are defined by expressions (57) and (59). If Zg and Z?‘] are
not too different, they can be used to specify the heterostructure in terms of material
constants, and initial conditions.

N segments. The generalization to N segments, shown in the figure below, is
straightforward. In the i-th segment of length /;, the solution of the Domenicali equation
for VT (x) and T (x) is given by Egs.(61) and (60), where, say, g, 03, O, kp and T are
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replaced by T;_1, o1, 0;—1, K;—1 and 7}, and x is measured with respect to the initial
point of the segment x;_1. That is,

J2

—KkVT (x) = —x+F; forx,_; <x<i (66)
i
and
J2 X2
—K,'T(X)Z—E-i-Fix-i-Gi forx;, | <x<i, (67)
i
and the corresponding integration constants are G; = —7T; and

Fi=—K(T;—T;_)+R; J?/2,

The solution has to satisfy the condition that temperature, electrochemical potential, and
normal components of heat current and electrical current, are continuous at every point,
which gives,

%iH}) (@i 1Ti1J = ki VT, s = (%iH(l) (T — VT, s (68)

T; 1 Iy

To 1 2 | - N Tn

0 —> a —" 2a (N—1)a Na

The boundary conditions atx =0, ..., x = N(a—
1), provide N equations for temperature field defined at points t = {Tp,...,Ty_1}.
Assuming we know 7y and J%, Eq.(68) give the set of equations,

JZ
—aTd +Ki(Ti—Ty) = —(Jp+7R)
P oo o
T J-K(T1 —To) - hJ+K(-T) = —?( [+R3)
J2
uh)-K(h-T)-whl+K(-T) = —?(R% +R3)
P oo 2
01T J—Ki(Ti-1 —Tio) — o T J+ Ki(Ti = Ti—1) = —?(Ri_l +Ry)
P o 2
ov-1Tv-1J = Kn(Ty-1 — Ty—2) — NI 1 J+Kn(Ty — Ty-1) = —?( N—1TRy)
which is an array with elements on the main diagonal and two principal sub-diagonals,
0 I
—(ad—K)To+ KTy = —(JQ+?R1)
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KlTO—f—[(OQ—Otz)J—(Kl—f—Kz)]Tl—f—Ksz — —?(R%—i—R%)
J2
KT+ (e —o3)] — (K2 +K3)| T + K313 = —E(Rﬁ +R3)
(69)
J2 2
KT+ (01— ) — (Kiot + K)|Ti) + KiTi = _E(Ri—l +R;)
2 2
Kn_1Ty—2+[(an—1 —an)J — (Kn—1 +Kn)|Tv-1 = _?(RN_I +Ry) — KnTn
or in the matrix form )
Mt=—c— JE(I‘—I—R)
where ¢ = {q¢J?/2,0,...,0,KxyTy}, r = {R(%,R%, ...,R% },and R={R3 R3,... ,R%}.
The matrix elements of M are defined as M{; = —o1J+ K, and
M;j = [(ai—1 — 04)J — (Ki—1 + K;)|6;j + K6 j—1 + Ki—16; j+1 fori, j > 1.
Provided detM # 0 we can find the solution
JZ
t=M![—c— ~ (r+R)]
for a given set of material constants, A = {«y,...,on}, K= {x1,...,kv}, R, and for a

given value of Ty, J, and the heat current at the source qg.
Alternatively, we can rewrite the first equation as

JZ
J%—FKlTl = —?R%) + —(OCIJ—KI)TQ

and invert new matrix matrix M’ to find J % and {Ty,...,Ty—} in terms of Ty and Ty.
If the material-specific constants are strongly temperature dependent, the calculations
have to be performed self-consistently. That is, we start with some initial value of A, K,
and R, calculated for the linear temperature dependence of T'(x) between Ty and Ty. We
then solve Eq.(70) to find 7'(x), VT (x) and the heat current in each segment. Then we
recalculate A, K, and R, and iterate unless the result converges.

The same procedure has to be performed for the Seebeck effect, when J = 0 and we
know AT = Ty — T,. Eventually, we obtain the electrical field E(x) = o/(x)VT (x), eval-

uate AV = fé dx E(x), and define the effective Seebeck coefficient of the heterostructure
at (Tp+T)N)/2 as S* = AV /AT.

LINEAR RESPONSE THEORY

The coefficients appearing in the transport equations can either be treated as phenomeno-
logical parameters taken from the experiment on a given sample or calculated for a
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microscopic model that we use to describe this sample. Here, we follow Luttinger’s
approach[2] to calculate the transport coefficients for a given Hamiltonian

The macroscopic values of the charge and heat currents densities are defined as the
statistical averages

J=Tr{psj}, (70)
3 =Tr{psju}, (71)

where j and j,, are the charge current density and the energy current density operators,
respectively. The Hamiltonian is

Hy=H+AHy(t) =H+e“F, (72)

where A defines the dynamics of interacting particles in the absence of the external field
and AHy (1) = e®F is the perturbation. The operator

F= /d3x(])(x) efi(x)

provides the coupling of the charge density e7i(x) to the external potential which is
gradually turned on, as described by the exponential factor e®’. The coupling is absent at
t = —oo and is fully turned on at = 0. Note, a completely different behavior is obtained
for ’slow’ and "rapid’ switching-on of the perturbation. (The time-scale for the ’slow’ and
‘rapid’ perturbation is set by the characteristic time-scales of the unperturbed system.) In
the ’slow’ case, the electron wavefunctions adjust to the new potential and the stationary
state corresponds to thermal equilibrium, where no currents flow. In the ’rapid’ case, the
wave functions are not modified by the perturbation; the additional potential generates
the currents which flow so as to establish the equilibrium. For a potential characterized
by a single spatial Fourier component ¢, the switching is rapid if g/@ — 0 which
describes a uniform system perturbed by a time-dependent potential (the limit ¢ — 0
is taken before @ — 0). The switching is slow if @/g — 0, which describes a static
perturbation of a spatially modulated system without any currents (the limit @ — 0 is
taken before g — 0).
The density matrix py is defined by the equation

ap .
i = [Ho, po] (73)

and the initial condition py(—co) = po. The unperturbed density matrix is pg and we
want the lowest order correction to py due to AH (¢). Writing

Py (t) = po+ f(2)

we obtain from the equation of motion

A1)
0

— = [H,po] + [H, f]+ [AHy, po] + [AHy, ], (74)
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which has to be solved for the boundary condition f(—co) = 0. Using [H,po] = 0 and
neglecting the non-linear term gives

.0 -
220 1 1) = (afly. . 5)
The identity
"gﬁ L (.= et { 0 p1)e ‘Hf} ", (76)
allows us to write
i%e’“”f(t)e‘b” = e"[AH, pole™ """ = [AH, (1), pol, (77)
such that .
M F(1)e M = f(—o0) — i / dr' [AH(1"), po). (78)
Using f(—oo) = 0 obtains and
! A o !/
f(t)=—i / dr'[AHy (' —1), po] = —i /0 di'e”®" [F(~1"), po)- (79)

In the last equation we shifted the integration variable by ¢ and used F(z) =
eM2F (t)e ™% for 7z in the complex plane. We now show that f(z) is proportional
to the gradient of the external potential. The identity

! . B /aF(_t/_iﬁ/)
F(=').pol = —ipo [ ap =522 (80)
gives
0 e [P OF (=1 —iB)
_ ! —wt /
f=—po | are e [Tap Rt (81)

and form the definition of the operator F' and the continuity equation for the number
density operator we find

OF (—t — d
M / dPx¢ (x)ePH ”ét / Pxp(X)V-j(x,—1 —iB).  (82)
Finally, the integration by parts gives

- ’B / B~ —iB)-E(), (83)

where E(x) = —V¢(x). Thus, the lowest order correction to py () is proportional to the
applied field and given by

D) Ja [areer / dB'E ()i~ —i'). (84)
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Since no current flows for E(x) = 0, the current density induced by the field is

. 00 (B s s
o) = Tr{fu} = 3 [ @VBA) [ e [T’ <3yt~ = iB0fa(x) 2o

(85)
where (- --), denotes the thermodynamic average with respect to py and the ¢, ¥ label
the spatial directions.

The above expression gives the thermodynamic average of the current density at point
x induced by a spatially varying electrical field. To compare with the phenomenological
equations discussed in the first part of these lecure notes we shoud make an additional
averaging of the current given by Eq. (85) over a macroscopic region aroud x. Thus, we
introduce the Fourier transform of the current density,

1 .
Jalq) = V/aﬁxelq'XJa(x), (36)

denote by jy(q) the Fourier component of current density operator, and consider the
external potential with a single Fourier component,

9 (x) = 9", (87)
The electrical field is .
Ey(x) = Ey(g)e'?¥, (88)
where
Ey(q) = —iqy9,. (89)

The only non-vanishing Fourier component of the macroscopic current density is then
* ;[P 3 Y
Jolg) = LEq) [ dre [ dp' <fy~g.~ ~iiala) >0 OO
Y

and to compare with the phenomenological expression for the current density we should
now take the limit g, @ — 0. If the limit @ — O is taken with finite g, the above expression
describes the electrons moving in a static periodic potential and J¢(g) should vanish. In
general, the correlator in Eq.(90) does not have to vanish in that limit, which means that
the above result is unphysical in that limit. The reason is that the physical zero-current
state corresponds to a balance between the electrical force, which is due to the potential
gradient, and the diffusion force, which is due to the concentration gradient. Since the
diffusion force cannot be included in the Hamiltonian, Eq.(90) does not give the correct
result, if the limit @ — O is taken before ¢ — 0.) However, if ¢ — 0 is taken before
o — 0, we find the current that is flowing in response to the external field that has been
gradually turned on. The average current obtained by the linear-response theory in such
a way should coincide with the phenomenological current written for the sample without
the thermal force and the diffusion force. Writing

Jo = limJa(g) = [llig(l);fway(q), O
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we define the static conductivity by the expression

B o o
Oyo = hm/ dt'e _“”/ dB’ < joy(—t'—iB")joa >0, (92)

where J, and joy denote the ¢ = 0 Fourier components of J(¢) and j},(q), respectively.
Equating J, with the macroscopic current density in Eq. (19) or (21), we relate the
phenomenological transport coefficient Ly to the correlation function for the static
conductivity Oyg.

In real space, the static conductivity is defined by the expression

Ja() = ¥, [ )0yl ), 93)
Y
where
/—(J)l‘ ./
Oralx.) = lim ["are /dﬁ = —iBa) >0. (94

This expression should be used for inhomogeneous materials. In translationally invariant
systems, the Fourier transform of (94) gives the same results as obtaioned before.

The uniform static conductivity given by expression Eq. (92) agrees with the usual
Kubo formula obtained by calculating the @ — 0 limit of the dynamical conductivity. In
the basis which diagonalizes H, we have

< n|j()y(—t —if)m> = < I’l|eiH(_l_iﬁ)joy(())e_H(_f_iﬁ) m >

—i(E,

= e —En)(—1=iB) n|joy(0)|m > .

Then, taking the trace with respect to pg we obtain from Eq. (92) the static conductivity

A X o . B
G}/(x — Re {ZeEmB < n’joy‘m >< m|j0a‘n >}/0 dtelt(EnEm+lﬂ))/() dﬁe(En*Em)ﬁ)_
mn

The limit -
lim Re / dte" En=Enti®) — n§(E, — E,,) 95)
w—0 0
and 5
8(Eu—Ey) | dBe® P = B8 (£, ~E,) (96)

provide the uniform conductivity matrix

Oyq = 71:[3 ZeiE’”ﬁ < n\j0y|m > m\j()a|n > ﬁS(En —Em), (97)

mn

that coincides with the spectral representation obtained from the Kubo expression for
the dynamical conductivity.
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In Kubo formalism, the transport coefficients appearing in the phenomenolog-
ical equations are expressed in terms of appropriate zero-frequency ‘“polarization
operators”’[4]. For the coeficients in Eq. (21) we have[4],

such that
I — limRe 2"
11 v{% ev.,%“ (v),
Yo - h iviT . .
L), = AT [ dve (T () 0). ©9)

where v; = 27T is the Bosonic Matsubara frequency, the T-dependence of the operator
is with respect to the full Hamiltonian in Eq. (183), and we must analytically continue
L1 (ivy) to the real axis Z\" (v) before taking the limit v — 0.

The derivation of the coefficient Eg? that gives the energy current density induced by
an applied electrical field, proceeds in the same way and one easily finds[4],

- . i
LY = &LnloRe;.Zléa(v),
B
LXiv)) = =T /O de™ ™ (Tyj} 0 (7).Jop (0)). (100)

However, the derivation of l_ﬂl/g and Zgg coefficients that describe the currents induced by
the thermal gradient is more complicated, because the "thermal force’ (like the ’diffusion
force’) does not appear in the Hamiltonian. The details are given in Ref. [2] and we just
quote the results,

e = timRel 2
22 o) Zv 2 (V)
LFiv) = =T /0 dre"WTTnga(r)jOQﬁ(0)>. (101)

and l_‘%“; = l_,;(lx, in agreement with the Onsager relation. In all of these equations,
the subscripts & and B denote the respective spatial index of the current vectors and
subscript 0 denotes the ¢ — 0 Fourier component.

In terms of transport coefficients Ziyjq we then have

ks Liy
o= ——— =y, 102
T L (102
for the thermopower and
kg | o L L3
K= 72 [Lzz — 1:71,(11 . (103)

for the thermal conductivity.
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CURRENT OPERATORS

The linear response theory expresses the transport coefficients in terms of the thermal
averages of the current operators. In this Section we calculate these operators for a
given Hamiltonian using the conservation laws for the local charge and energy density.
That is, we define the divergence of the current densities by the rate of change of the
corresponding densities. The current density operators obtained in such a way give the
macroscopic current densities that satisfy the continuity equations (EOC),

d < ei(x,t) >

5 = — < divj(x,1) >, (104)
and R
d < hy(x,1) > .
I<hyxt)>_ _ divjl(x,1) > . (105)

ot
Here, < A(x;1) >= Tr{pyi(x)}, < ho(x31) >= Tr{p¢fl¢(x)} and the averaging is
with respect to the Hamiltonian Hy = [d°x hy(x,t). The energy density operator is
I (X) = h(x) + Ahy(x), and the perturbation is Ay (x) = ¢ (x) eA(x).

Charge current. The equation of motion for the density matrix Eqs. (73) and the
charge conservation expressed by (104) give

n(x ) A
‘9<(§—t’f>> Tr {%ﬁ(x)} = (i[Hy,A(x)]), (106)

where the last equation follows from the cyclic invariance of the trace. Thus, the current
density operator defined by the equation

—divjg (x,1) = i[Hy,en(x)). (107)

gives the macroscopic current density which satisfies the EOC. In the steady-state,
reached at t = 0, the flow is divergence-less: div < jg (x,¢) >=0.

The g = 0 Fourier component of the current density operator j¢ =/ d3xj¢, (x,1) is
obtained by commuting the Hamiltonian with the charge polarization operator

P.(1) = e/d3xxﬁ(x,t) (108)

We find, using (108), (107) and integrating by parts, the result

A

ilHy,P.] = /d3xxi[1f1¢, ei(x)] = — /d3xxdivj¢ (x,1) = /d3xj¢ (x,1) =Jjo. (109)
The current density operator is defined by the commutator
jo(x,1) = i[Hy,xei(x)). (110)

For scalar gauge, such that Hy = H + e [ d>x ¢ (x)A(x), the current density operator
defined by Eq. (110) is unaffected by the potential term of the Hamiltonian and we
have jy = j.
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Energy current. The energy current density operator follows in the same way. The
local energy conservation gives

0 < hy(x,1) > dpy oy 7
* — Tr{a—t‘phq)(x)} =< l[Hq),hq)(X)] > (111)

which we use to define the divergence of the energy current density
—divju(x,1) = i[Hy, hy(x)]. (112)

The g = 0 Fourier component of the energy current density operator j, = [ d>xj,(x,t) is
obtained by commuting the Hamiltonian with the energy polarization operator

- / Prxh(x). (113)
This gives
[H¢, /d xXi H¢, h¢( = —/d3xxdivju(x,t) = /d3xju(x,t) =Ju, (114
and we take the commutator
Ju(x,t) = i[Hg, Xy (x) (115)

as the definition of the energy current density operator. This operator has contributions
coming from

Ay, hy (X)) = illp, h(x)] + A1, Ahg (%)) +i[AH, Ay (x)]. (116)

The last term in (116) vanishes and the contribution of the middle term to the total energy
current is

39 =ilH,P§(1)] (117)
where we introduced
(1) :e/d3xx¢3(x)n(x,r). (118)
Egs. (108) and (110) give
= /d3x e (x)i[H, A(x)] = —/d3xx¢(x) divj(x,1). (119)

which becomes by partial integration

50 = /d3x¢ (120)
where we neglected V¢ with respect to ¢. Thus, jf (x) = ¢(x)j(x). Performing similar
analysis for the first term in Eq. (116), and neglecting again the gradient terms, gives

—divj? ~ —divjg, (121)
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where A A
JE = i[H Pg], (122)

defines the energy current in the absence of the field and

Pr(1) = /d3xxiz(x,r). (123)

is the field-free energy polarization operator. The full energy current density operator
which satisfies the continuity equation is

Jul) = Je () + 0 (x)J ). (124)
In a stationary state, the rate of change of the total energy density around point X is
zero, such that 1 = —div < j,(x) >= 0. However, the internal energy is not conserved

and —div < jg(x) > 0. None-the-less jz (x) = ju(x) — ¢ (x)j(x) is convenient for cal-
culations, because the external perturbation appears only in py, which simplifies the
perturbation theory for Jg :Tr{p¢jE(x)}. The statistical averaging of the last term in
Eq. (124) gives rise to the Joule heat, which ensures the proper temperature distribution
in a stationary flow[3]. We cannot neglect this term, because no matter how small V¢ (x),
the value of ¢ (x) is arbitrary large for x — +oo.

Examples of current operators

As a case study we take the Falicov-Kimball model, Hubbard model and periodic An-
derson model with on-site hybridization, V;; = Vé; ;. The Hamiltonians for the Falicov-
Kimball and Hubbard models can be summarized by the following form:

%:—Ztijcjcj—Ztifjf:fj%—UZciTcifini. (125)
ij ij i

In Equation (125), we have fermionic creation (annihilation) operators clT (c;) for con-
duction electrons, and U is the on-site Coulomb repulsion. In the Falicov-Kimball
model, we have +/ = 0 and the f-electrons are localized on the lattice. In the Hubbard
model, we have ¢ = ¢/ and we identify the c electrons as the up-spin electrons and the f
electrons as the down-spin electrons. Equation (125) interpolates continuously between
the Falicov-Kimball and Hubbard models.

The periodic Anderson model is written in a standard form,

H = —Zfijcjacjo +fi};fic)+EfoizfiG
ijo i
+ Y Viclofio + fiscia) +U L fi S fu (126
ic io

The conduction and localized electrons as the same as in the Falicov-Kimball model,
except now they have spin (E is the localized electron site energy). The parameter V' is
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the on-site hybridization between conduction and localized electrons on the same site,
and U is the on-site Coulomb repulsion between f-electrons with different spin.
The Hamiltonians become quite simple in momentum space:

A=Y eK)cfex+Y e/ (K)+U Y cf_enfyiqfor (127)
k k p.k,q

for the Falicov-Kimball-Hubbard model, where the fermionic creation and annihilation
operators now create or annihilate electrons with well-defined momentum. The periodic
Anderson model becomes

Zg Ckocka +Efokgka

+ VZ Cko‘ka +fkcck0 )+U ; fp+qTprfk qlfkl
p.K,q

To find the g =0 component of the charge-current operator we define the polarization
operator P. = e} ;R;c; ¢;, with the obvious generalization if we need to include spin,
and and evaluate the commutator [#,P,]. Since the potential energy depends only on
the number operators the charge polarization operator commutes with the U-term and
we need evaluate only the commutator with the kinetic-energy piece of the Hamiltonian,
which is straightforward in real space. Converting to a momentum-space representation
gives

J —eZV ckck, (128)

where v(k) = Ve(k) is the unrenormalized velocity.
The non-local hybridization would generate the additional term,

j=e X v)ciec+e Y [VpVpcs qfa+ VoV facpsal (129)
k Pq

The energy-current operator is more complicated to construct. The energy-
polarization operator is Pr = Y ;R;h;, and its proper definition requires assigning
an energy operator A; to each lattice site i (7 = Y ;h;). For a local potential energy,
such an assignment is completely straightforward, but the hopping terms in the kinetic
energy are more complicated — the standard procedure is to associate one half of
the operator that connects sites i and j to the local energy operator at site i and at
site j. Once h; has been defined, we can calculate the commutator [.7°,Pg] and find
the energy-current operator. Unlike the charge current operator, which was essentially
independent of the model considered, the energy current operator is different for each
Hamiltonian considered. So we summarize the results for each case considered here.
For the Falicov-Kimball and Hubbard models, the energy-current operator becomes

JE = ZS ckck + — Z fkfk+q q/czlcq (130)
qu
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For the Hubbard model it is
. + Y 0
Jg = Zs(k)v(k)ckackcr + 5 Z [v(q) +v(q’)]chcq/TcklckJrq_q/l.
ko kqq’
For the periodic Anderson model we have to evaluate (in obvious notation)

je=iY R+ Y + AV AT+ + AV =55+ GE +ig ), (131)
ij

where the last equation holds because [#7 ,}f;U] =0and

WU IY =i Y RA A A+ L A} =0,

The kinetic term
=iy R AT

is the same as for the Falicov-Kimbal model and we only have to calculate
i’ +ipt =iy R A i) R AT,
i i
Direct evaluation in the site representation gives
TV VT W R R T * R R +
JE T = —13 Z Virs(Riys —Ri)cjs i+80 +Vi+8( i+6 i)ciniJréo'
6o
In the momentum representation this term can be written as
. . 1
it +iE = 5 Z(,;Vp {Vq—pcszqo + Vﬁquf(;ccpc} : (132)
Pq

For the constant hybridization the ¢ = 0 Fourier component of the energy density
operator is

\%
je = Y e®vp)chey— 5 X Ve { chotpo + fiocro } (133)
k po

This energy current operator, together with the charge current operator defined by
Eq. (128) enters the correlation functions for thermal transport.

MAHAN-JONSON THEOREM

The Jonson-Mahan[7, 8, 9] theorem provides a simple relation between the transport
coefficient for the electrical conductivity and that needed for the thermopower and
thermal conductivity. The relation is that the integral for the Lj, coefficient has an
extra power of frequency in the integrand than the L;; coefficient and that L, has
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one more power of frequency than Lj;. This result has been known for many years
for a noninteracting system— the Jonson-Mahan theorem generalizes this result for a
wide class of many-body systems (including the Falicov-Kimball model, the Hubbard
model, and the periodic Anderson model. We provide the proof for infinite dimensional
lattices[? ].

We begin with the generalized two-particle correlation function

Fop(2, 7,77, 7") = Y VaaVyp(Techo(T)eqo (Tl o (T )egor (7)), (134)

qq'co’

where cgc and ¢4 denote the creation and the annihilation operators for conduction
electrons and the averaging is with respect to the interacting Hamiltonian. This function
provides all the relevant “polarization operators”, which can be shown by a method
based on the Heisenberg equation of motion. Using

.d

i Ou(t) = [On(1), (1) (135)
we find the time-dependence of the fermionic creation and annihilation operators (in the
momentum basis and on the imaginary time-axis). The commutators are straightforward
to calculate and become

[ (2), ) = —e(K)cy(7) = U Y farq (D) fp(ep_q(T), (136)
P.q

for the Falicov-Kimball-Hubbard model and

ek (7), 7] = —£(K)efo (T) = Y Vi o (T) (137)
P

for the periodic Anderson model. Note, [ci};,HU] = 0 for PAM. The commutator for the
¢ operators is similar to evaluate. This shows that

1/ 0 0 ; N e
im 3 (52 5% 3 Vel (o) = ol ) (138)

1 2

The Jonson-Mahan theorem will hold for any Hamiltonian that satisfies Eq. (138).
In particular, it holds true for the Falicov-Kimball-Hubbard model and the periodic
Anderson model[9] and allows us to express the “polarization operators” in terms of
the generalized function F and its time-derivatives. We obtain

B .
LA = 7rTe2/ dre’V’TF(T,T*,O,O), (139)
0
for the conductivity,
B el (0 0 p
D%IZZETE/O dte VITE (%_W) F(T,T,0,0), (140)

Correlated thermoelectrics March 16, 2008 29



(in the limit where 7/ — 77) for the thermopower, and

B 1[0 d d d
Ly = 7[T/0 d"L‘e’vﬂ:Z (% — ﬁ) (81’” — 81””) X F (T, ‘L'/,’C//,T///), (141)

(in the limit where 7/ — 7, 7"/ — 7”~, and 7 — 0™) for the thermal conductivity.

The analytic continuation to the real axis is quite complicated in general[? ] and we
restrict our considerations to the infinite-dimensional limit. In that case the two-particle
correlation function is expressed by just its bare bubble because the irreducible charge
vertex has a different symmetry than v,. Hence, we immediately learn that

Fop(t,7,7",7") = =Y Vi 84pGao (T — 7)Gyo (T — 1), (142)
qo
where G5 (1) = —<T7cqc(r)czlc(0)) is the imaginary time Green’s function of con-

duction electrons. Next, we need to determine a spectral representation for the Green’s
function. Using the fact that

1 [ ImGye
Gyo(2) = —%/dw—mzf a()m, (143)

with z in the upper half plane (which can be shown by using the Lehmann representa-
tion), we find that

—i,T

1 e
Gyo(T) = —;/da)TZ P wIquG(a)). (144)

Now we convert the sum over Matsubara frequencies into a contour integral (that
surrounds each Matsubara frequency, but does not cross the real axis—the contour is
then deformed into two contours, one running just above and the other just below the
real axis), but we must be careful to ensure that the procedure is well-defined. If 7 < 0,
then

o ionT i p et
T = ——
zn"ia)n—co 27r/c Zz—a)ﬂz)’
I I A 1 N 1
- 27:/_00‘1“ f<z)[z+i0+—a) -0~
C e f(w). (145)

This result is well-defined because the Fermi factor provides convergence (asymptoti-
cally like exp[—Bz]) for z — oo and the exp[—z7] term provides boundedness for z — —oo
when 7 < 0. Since 1 — f(z) has the same poles as f(z) on the imaginary axis, with
residues that have the opposite sign, and it behaves like exp[Bz] for z — —oo, one finds

—iw,T

€ —T
T;iwn — = [1—f(w)], (146)
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for 7 > 0. The results in Eqgs. (145) and (146) can then be substituted into Eq. (144) to
get the final formula for the Green’s function

| [JdoA,s(@)e @1 - f(w)], T>0
Go(7) = { [ doAg(0)e [~ f(0)],  ©<O0. (147
where Ays (@) = —ImG 6 (w)/7 is the spectral function. Substituting into Eq. (142),
then yields

Fop(t,7,7",7") = 5a5/d8 v2 p(s)/dw/da)’
x Ae, 0)A(e,)e®T T )= =) r(@)[1 — f(0)], (148)

where we replaced the g-summation by an integral over the non-interacting density of
states. Because of Eq. (148), the analytic continuation of the correlation function given
by Eq. (139) is trivial (one first converts from imaginary time to Matsubara frequencies
and then performs the Wick rotation to the real frequency axis), and if we note the
identity

f(@) = flo+v)=—f(o)1 - fl@+V)]e 1], (149)
then we can easily compute that
Ly = Te2<v§>FS/da>/dsp(e) (—%) Al(e,0), (150)
for the conductivity,
L= Te(vlz()FS/da)/dep(e) (—%) Al(e,0)o, (151)
for the thermopower, and
Ly = T(vi>F5/dw/d£p(e) (—%) A%(e,0)0?, (152)

for the thermal conductivity. Here, <Vi>Fg denotes the square of conduction electron’s
velocity averaged over the renormalized Fermi surface (FS). This pre-factor has been
taken out of the integral because (—df(®)/d®) restricts the integration region in the
g-space to the vicinity of the Fermi surface. This proves Mott’s form for the thermal
transport.

For the degenerate models with N conduction channels it is convenient to rewrite
the above expressions in terms of the Luttinger’s coefficients L, = Ly, /T defined by
Eq. (21). This gives 6(T) = ¢>NL; for the charge conductivity, a(T)|e|T = —Li2/Ly;
for the thermopower, and k(T)T = N(Ly, — L3, /Ly;) for the electronic contribution to
thermal conductivity, where

Lyn = <V12(>FS/dCO (—%) """ Ao, T). (153)
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f(®) =1/[1+exp(Bw)] is the Fermi-Dirac distribution function, ® is measured with
respect to the chemical potential i, and A(@,T) is the frequency-dependent correlation
function

A, T) = /dep(e)Az(s,a)) (154)

calculated for a single channel. For the infinite-dimensional Falicov-Kimball-Hubbard
model and the Anderson model with the Gaussian non-interacting density of states the
transport relaxation time can be given an explicit form. Using the Dyson equation for
the conduction electrons Green’s function

1
T o+p—X(o)-e(q)

Gyo(0)

and the fact that the self energy is momentum independent we can evaluate the integral
in Eq. (154) with the result

_ ImG(w)

M) =15 )

+2—2Re{[0+ it — 2(0)]G(w)}. (155)

This expression simplifies at low temperatures, where the frequency integration in
Eq. (153) is restricted by (—df/dw) to the Fermi window, |@| < kgT. In the T — 0
limit we can write Eq. (154) as

Ao, T)=A(0)t(w,T) (156)

where A (®) = YxAk(w) is the renormalized DOS of conduction electrons, and
7(®, T) the transport relaxation time

—1

which is given by the momentum-independent self energy of ¢ electrons. In deriving
Eq. (156) we included only the divergent term in A(®,T), and dropped the finite
term which contributes to the full DMFT expression but does not affect the 7, — 0
results. To calculate the renormalized expressions for v,%F, Ae(o) , 7(w), we make the
approximations which are consistent with this derivation.

MICROSCOPIC SOLUTION FOR TRANSPORT COEFFICIENTS

We now discus the thermoelectric properties of intermetallic compounds with Cerium,
Europium or Ytterbium ions using the theoretical methods explained in the previous
sections. We summarize, first, the transport properties of heavy fermions and valence
fluctuators and, then, describe the anomalies observed in YbInCuy-like systems which
show a valence-change transition. The thermal transport of heavy fermions and valence
fluctuators is explained by the periodic Anderson model and that of the YbInCuy-like
systems by the Falicov-Kimball model.
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Experimental summary

The experimental data on heavy fermions and valence fluctuators can be summarized
as follows. The thermoelectric power ¢ (7 ) exhibits the characteristic features that allow
the classification of these compounds into several distinct groups[10, 11, 12]. In the
case of Cerium ions, the compounds belonging to the first group (type (a) systems)
have the thermopower with a deep negative minimum at low temperatures [10, 11, 13,
14, 15] and a high-temperature maximum, typically between 100 K and 300 K. At
the maximum, a(7) could be either positive or negative. At very low temperatures,
the type (a) systems order magnetically or become superconducting. The compounds
of the second group (type (b) systems) have a negative low-temperature minimum
and a positive high-temperature maximum but, in addition, the thermopower shows a
smaller positive peak at lowest temperatures.[16, 17, 10, 18, 19] This second peak is
sometimes concealed by a low-temperature phase transition; for example, in CeCu;Si, it
becomes visible only in an external magnetic field which suppresses the superconducting
transition,[13] and in CeRu,Ge; it shows up when the external pressure suppresses
the magnetic transition.[20] The experimental evidence is now accumulating that the
initial slope of the thermopower o/(T)/T is positive for this class of (heavy fermion)
materials, provided the measurements are performed at low enough temperature and
with sufficient accuracy.[18, 19, 15, 21] In the third group (type (c) systems), the low-
temperature peak is well pronounced and shifted towards the high-temperature peak.
The main difference with respect to the type (b) systems is that the sign-change of
o(T) does not occur.[22, 23, 24, 25] Finally, in some cases (type (d) systems) the
thermopower grows monotonically towards the high-temperature maximum, and the
low-temperature structure appears only as a shoulder on a broad peak, or is not resolved
at all. [26, 23, 27, 19]

The clue to these various types of behavior comes from the high-pressure[28, 29,
20, 30, 11] and doping studies, [10, 23, 24, 31, 32, 33, 34, 35] which show that the
thermopower of Cerium compounds changes continuously from type (a) to type (d).
A typical example is provided by the shape of a(T) observed in CeRu,Gesat various
pressures.[20] At ambient pressure, CeRu,;Ge; is a type (a) system with a magnetic
ground state and negative thermopower below 300 K. An increase of pressure leads to
a thermopower with a small positive peak at low temperatures and an enhanced peak
at high temperatures. A further increase of pressure enhances both peaks, shifts the
low-temperature peak towards the high-temperature one, and makes the thermopower
at intermediate temperatures less negative. For large enough pressure, the sign-change
does not occur at all and for very high pressure the low-temperature peak merges with
the high-temperature one, and transforms into a shoulder. The high-temperature peak
grows continuously but its position remains more or less constant, as o(7) changes
from type (a) to (c). Eventually, for pressures above 10 GPa, the ¢¢(T') assumes the (d)
shape. Here, the initial slope of o(7) decreases and the position of the maximum shifts
to higher temperatures, but its magnitude does not change as pressure increases. Similar
behavior is also seen in the high-pressure data of, CeCu;Si,[28] CeCu,Ge;,[30, 36] or
CePd,Si,.[37] As regards doping, the chemical substitutions which reduce the volume
and make Ce ions less magnetic, transform o/(7') from type (a) to type (b),[31] from
(b) to (c),[23, 24] or from (a) to(c),[32, 33, 34] while the substitutions which expand
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the volume and make the Ce more magnetic, transform the thermopower from, say, type
(d) to type (c) or from type (c) to type (b).[35] This variation of shape is an indication
that the local environment plays an important role in determining the magnetic character
of Ce and Yb ions. Even at high temperatures, where each 4f ion is an independent
scatterer, the thermopower of a sample with a high concentration of 4f ions cannot be
obtained by rescaling the low-concentration data.

The Ytterbium intermetallics can be classified using the mirror-image analogy with
Cerium systems. This holds because the Yb ions fluctuate between 413 and 4f'¢, while
the Ce ions fluctuate between 4f' and 47° configurations, and the dynamics of a single
f hole and a single f electron is the same. A well-defined local moment leads in Yb
systems to the type (a) behavior, such that the thermopower has a negative minimum at
high temperatures and a positive maximum at low temperatures;[38, 39] the size of the
minimum is about the same as the size of the maximum. The thermopower of (b)-type
Yb systems[40, 41, 42] mirrors the (b)-type Ce systems. Here, one finds two negative
minima separated by a small positive maximum. The type (c) Yb systems have a non-
monotonic thermopower with a large (negative) minimum at high temperatures and a
smaller one at low temperatures, but there is no sign-change.[40, 42, 38, 41] Finally,
the thermopower with a single negative peak centered around 100 K [43, 40, 27, 38]
mirrors the type (d) behavior of Ce systems. The reduction of volume by pressure or
doping[42, 38] stabilizes the magnetic 4f' configuration of Yb ions, and transforms
o(T) from, say, type (b) to type (a), from (c) to (b), or from (c) to (a).

The experimental results show that 4f systems with similar thermopowers exhibit
similarities in other thermodynamic[44] and transport[45, 46, 47] properties, and there
is an obvious correlation between the shape of a(7') and the magnetic character of the
4f ions. The thermopower measurements[48] provide a simple and sensitive tool for
characterizing the magnetic state of a 4f ion in a given metallic matrix: the shape of
o(T) changes from the (a)-type in the case of magnetic Ce (Yb) ions with stable f ' (4f]3)
configuration to the (d)-type for non-magnetic Ce (Yb) ions which fluctuate between the
471 (4£13) and 4/° (4f'*) configurations.

At very low temperatures one finds additional interestig features. The data show [21,
49] a striking correlation between the low-temperature Seebeck coefficient o and the
specific heat coefficient v = Cy /T the ratio g = |e|limy_oa/yT is nearly constant,
although the absolute values of y and «/T vary by orders of magnitude. The g ratio
increases as the number of conduction electrons n,. decreases and becomes large in bad
metals[21, 49]. The Kadowaki-Woods (KW) ratio [50] which is defined as p(T)/(yT)>,
where p(T) is the electrical resistivity, exhibits similar universal features, if one takes
into account the effective low-temperature degeneracy of the f states [51, 52]. The near
constancy of the KW and ¢ ratios suggests a ‘universal law’ for the low-temperature
power factor P = o?/p and brings to the fore the validity of the Wiedemann-Franz
(WF) law, kp/T = %, and a possibility of enhancing the electronic thermoelectric
figure-of-merit in strongly correlated materials, ZT = o>T /kp, where k is the electronic
contribution to the thermal conductivity and .2 = nzk% / 3¢? the Fermi liquid (FL)
Lorenz number. When the WF law holds, metals must have a thermopower larger
than 155 uV/K to achieve ZT > 1; to date no metal has been found with so large a
thermopower. In the temperature window where the effective Lorenz number (£ =
kp/T) is reduced, one can achieve ZT > 1 with substantially lower thermopowers,
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which might make it possible to find strongly correlated metals that can be used for
cooling applications at low temperature.

Finally, we mention a new class of materials in which the transition between the
high-entropy phase and the low-entropy does no follow the usual “Kondo route” but
is driven by the valence-change transition, as observed in EuCu,;Ni,, YbIn;_,Ag,Cuy
or YbInCuy4[53, 54]. The main features of these systems are best revealed by taking
YbIn;_,Ag,Cuy as an example. Indium doping expands the lattice and increases the
weight of Yb>t with respect to Yb3* configuration[55] by transferring the electrons
from the conduction band to the 4f-state. Thus, chemical pressure reduces the number of
f~holes and increases the Kondo coupling which makes the compound less magnetic and
increases charge fluctuations. For x > 0.5, the compound is a typical heavy fermion
in which the substitution of the monovalent Ag by the trivalent In compensates the
chemical pressure effects, such that the total number of conduction electrons increases.
For for x < 0.5, the Ag-In substitution brings eventually g and E in the vicinity of the
band edge E. which gives rise to completely new features. In this concentration range
YbIn;_,Ag,Cuy is already a valence fluctuator with temperature dependent nﬁ’c(T), such
that the temperature-induced transfer of f~holes in the conduction band can reduce p — E,.
and Ey — E. to zero. Once u is within the gap of the density of states, the effective
hybridization is switched off and the magnetic moment of the f~ions cannot be quenched
by Kondo screening. Thus, the transition from the low-temperature coherent FL state
to the high-temperature disordered paramagnetic state cannot follow the usual ‘Kondo
route’, taken by the heavy fermions. The valence fluctuators like Ybln;_,Ag,Cuy for
x < 0.5, belong to a new class of materials in which the transition between the low-
and high-entropy phase is driven by the Falicov-Kimball interaction. This gives rise, at
the temperature 7y, to a change in the relative occupancy of the f and the conduction
states and an abrupt modification of the properties of the system. The valence change
transition is clearly seen in the XPS data; above Ty, the spectra indicate a stable 4 f 13
configuration of Yb ions and below Ty, one has a mixture of 4f!3 and 4 f'# states. The
magnetic character of the Yb ions changes at 7y, as indicated by an abrupt change of
the susceptibility from Pauli-like to Curie-like. In the high-temperature phase, the Curie
constant is close to the free ion value of Yb3*. The conduction states are also modified
at Ty, as indicated by a drastic change of the frequency dependence of the optical
conductivity and by a large increase in the resistivity[55]. The electrical resistance
and the Hall coefficient of the high-temperature phase of Ybln;_,Ag,Cuy are typical
of narrow-band semiconductors, or semi-metals with a very low carrier density, and
neither the transport nor the thermodynamic properties show any sign of the Kondo
effect. The proximity of u to E, is indicated in YbInCus by the Hall data and band-
structure calculations[55].

Periodic Anderson model
We now discuss the thermoelectric properties of heavy fermions and valence fluctua-

tors using the periodic Anderson model. In the first part of this subsection we derive the
Fermi liquid laws and explain the universal low-temperature behavior. In the second part
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we discuss the anomalies that one finds in the thermopower of heavy fermions above the
Kondo temperature.

Fermi liquid solution

The coherent thermal transport of heavy fermions and valence fluctuators is explained
at low temperatures by the periodic Anderson model with SU(N) symmetry in infinite
dimensions. We consider the model with the on-site hybridization,V;; = Vé; j» such that
the charge current operators are given by Egs. (128) and (133). This model satisfies the
Jonson-Mahan theorem. Since the integral in Eq. (153) is restricted by (—df/dw) to
|o| < kT, we write in the 7 — 0 limit A(®,T) = A.(®)t(w,T) and calculate the
renormalized density of states .#;(®) and the transport relaxation time 7(@,T) by the
dynamical mean field approximation (DMFT).

The renormalized ¢ and f Green’s functions of the periodic Anderson model satisfy
the Dyson equations [56, 57]

Ge(k,2) = _ , 158
s = il (@.7) + A V2 (15%)
and S
{— &k
Gr(k,z) = — G.(k,z), 159

where &;(®,T) = Ef+Re EZs(w™*,T) is the renormalized position and X;(z) the
DMFT self-energy f electrons, which is momentum-independent. The retarded (ad-
vanced) Green’s functions are defined for z in the upper (lower) part of the complex
plane. The c electrons self-energy on the real w-axis is

VZ
(M) = _ , 160
(@) ot —&(w,T)+pn—ImEZi(0",T) (160)
where o* = limg_o(@ £i8).
The singularities of the of G.(k,z) and G(k,z) are defined by the equation
(0— e+ u)[o—&(0)+ul -V =0, (161)

which gives the QP excitations and provides for @ = 0 the renormalized FS of hybridized
states. Since L¢(@",T) is momentum independent in the DMFT approximation, the
shape of the FS is determined by the non-interacting dispersion of ¢ states. Using
the Luttinger’s theorem, which requires that the k-space volume enclosed by the FS
yields the total concentration of electrons n = n. + ny in each channel, we obtain the
FS from the equation & = Lo, where Ly is the solution of n = [*2 de .#%(¢). Thus,
the renormalized FS coincides with the non-interacting one corresponding to n. +nys ¢
electrons and the FS average of v? is given by the integral

Ve, = /ddk S (&x — to) vi. (162)
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The numerical calculations for the 3-dimensional periodic Anderson model with the
nearest-neighbor hopping on a simple cubic lattice give V%F = (ta;/h)*v* where v? ~ 1.4
forn~1/2andv?* < 1forn~1.

The renormalized spectral properties around the Fermi level are obtained from the
Luttinger theorem. First, following [56], we expand Re X¢(@™,T) up to the terms

linear in @ which gives @ — [&7(@) — ] ~ (® — (Z)f)ZJ?I. Here, @y is the solution of
the equation @ — [&7(®) — p| = 0 and Zj?l = [1 = dXs/dw]p—o is the enhancement

factor. For k close to the FS and small w, Eq.(161) gives the QP excitations @ = Qf,
where

1 » - ~
Q=3 {(Sk—wrwf)i\/(gk—u—wf)2+4V2 : (163)

andV =V,/Z r denotes the renormalized hybridization. To describe the excitations in
intermetallic compounds with Ce (Yb) ions we put the chemical potential in the lower
(upper) QP branch. The singular parts of the spectral functions can be written as

Ac(e,0) =~ af(Q) §(o— ), (164)
Af(e,®) ~ al(QF) 8(o—9F), (165)

where the coefficients are the residues of the QP poles,

2
ag(w) = [1+Z;" Y ,
o—&(0)+u 0—0F

and ( e
O—&+U
al(0) = 5 (0)
The renormalized ¢ and f DOS are given at low energies by the expressions [58, 59]
V2
(@) = A (o+p-

o @) tn (160

M — &
N (@) ~ — (o) (167)
! n—8(0)" "
where kg is Fermi momentum and .#.°(®) is the unrenormalized ¢-DOS, taken as a
symmetric function of half-width D. Using Eq. (161) this can also be written as,

V2
9 (&,). (168)
[u—&(0)]? ‘
The total DOS is obtained by multiplying the above expressions by the degeneracy N.
The physical interpretation of @y = [€7(0) — u]Z; follows from the DMFT require-
ment that the local Green’s function of the Anderson lattice coincides with the Green’s
function of an auxiliary Anderson impurity, such that

1
;cf(k,z) T E+tu—AR) —I()

A7(0) =

=GP (2). (169)
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The auxiliary model describes f electrons distributed over N states and hybridized with
an effective ¢ band, The effective hybridization A(z) follows from the condition that
the self energy of the lattice and the impurity defines the same functional X([Gf(z)].
The unrenormalized impurity f level is at Ef and in the @, T — 0 limit we approximate
A(®) ~ A(0) = iAg with Ag < 0. The DMFT solution requires .#;(®) = A¢(®), where
Ar(@) = —Im Gji”x(aﬁ) /m is the auxiliary spectral function. Keeping only the real part
of X¢(w,T) we write the low-frequency limit of the renormalized f~DOS as

_ 1 (&)
0= 2y (00— @)+ (Ap)*

(170)
where Af ~ —AyZy. The above expression, which holds for @ < @, shows that the
lattice /~-DOS can be approximated by the Kondo resonance centered at @y and of the
width Ay,

Luttinger’s theorem and the DMFT self-consistency condition can now be used to re-
late @ or A 7 to A7(0). The QP branches Qif and Q. are separated by the hybridization
gap 2Vf. Close to the Brillouin zone boundary (ZB) and the zone center (ZC), we have
Q" — O, ~D[1+2(V/D)?| ~ D. At the FS we have Q. =0or Q;{F = 0, depending
on the value of n. +ny. Close to the FS, the QP dispersion is very weak and Qlf de-
scribe two heavy QP bands of half-width V#/D. Taking n << 2 for Ce and Eu systems,
such that the chemical potential is close to the top of the lower QP branch, we find from
Q. = 0 thatkp is close to the ZB, such that &, — >~ D and NO(ex,)D ~n./anN. The
factor arm in the denominator, approximately accounts for the fact that the unperturbed
c-DOS near the edge of the band is smaller than the average unperturbed DOS over the
whole energy interval under consideration. For Yb compounds, we restrict nﬁi << 1land
assume that the system is more than half-filled, such that the lower QP branch is full and
the upper branch is fractionally occupied. The equation Q:F = 0 gives kr close to the

zone center, such that g, — y ~ —D and A°(ex, ) (&, — ) ~ —n./anN. Egs. (167)

yields
NA0)z; =+l L
7(0)Z," =

171
f aT (I)f7 ( )

where the upper (lower) sign applies to Ce and Eu (Yb) compounds in which @ > 0
(@7 < 0) and the Kondo resonance is above (below) the chemical potential.

Since the specific heat coefficient of the periodic Anderson model in the QP approxi-
mation is given by

212 212
Tk nk _
y=NTEY S - 0f) =N LA (0) + 450077
k

we have the FL relationship

m’ky 1wk n
3 Tx 3 andy’

(172)
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where we assumed that the enhanced f contribution dominates. The Kondo temperature
Tx ~ 1/y is thus related to the center of the Kondo resonance @&;. The numerical
coefficient a can be obtained from the NRG solution of the DMFT equations, which

can provide the numerical values of y and @y.
The width of the Kondo resonance A 7. can be related to y by using Egs. (170) and
(171) which give at @ = 0, 5
aN _ @Ay (173)

c Ay O

Thus, |@¢/Af| = (aN/2n.) & (aN/2n.)* —1 = C. The negative sign gives Af ~
(N7k%)/[37(1+C?)], such that for N/n. > 1 and C ~ n./aN we have Ay ~ N7k /3y.

To estimate the imaginary part of X(®), which is also needed for thermal trans-

port, we use the diagrammatic analysis. In infinite dimensions this gives the FL expres-
sion [56, 51]

—ImE(0,T) ~ g[w2 + (kg T)2J(N — 1) A7 (0)T, (174)

where I’y is the irreducible 4-point scattering vertex for electrons with different flavors.
Eq. (174) is a straightforward generalization of the result given by the 2nd order per-
turbation theory in which the bare interaction Uy is replaced by the I'™-vertex. In the
limit of large correlations, when the charge fluctuations are suppressed, the Ward iden-
tity [56, 57] gives Z; ' = (N —1)A47(0)Ty, such that y = (w%k3/3)N(N — 1).4%(0)T s
and

o ~ (175)

22 2
—(N—l),/lgc(O)Im[m] L

The transport relaxation time can now be obtained by substituting X.(@*,T) in
Eq. (157) which yields

(@ — &/ (0,T) +u]? + [Im Zp (0", T)]2
VIS —Im (0", T)] '

(0,T) ~ (176)

The singularity at T = 0 is avoided by taking the limit @ — 0 before 6 — 0.
The transport coefficients of the periodic SU (N) Anderson model in the FL regime are
obtained by making the lowest order Sommerfeld expansion of Eq. (153), which gives

Ly = [0™"2A(0,T)],,_+

23T (92
=0 6

awz [wm—i—n—ZA(w)} }

T,0=0

The correlation function A(®) is obtained by substituting for 4, (@) and 7(®,T) the
expressions derived above. Neglecting the energy dependence of .4.°(®) for @ ~ 0 we
obtain for the electrical resistance of N parallel channels the result,

(1+C2)? 37 a*D? <3yT>2
(N —1)N She?v; n2 \ mkg )

p(T) (177)

Correlated thermoelectrics March 16, 2008 39



where we approximated N.A4;:(0) ~ n./maD in Eq.(168) or (167) and used for
Im L¢(w,T) the expression Eq. (174). When N/n. > 1 and C < 1, the FL law

reads[51]
272 2 2 2
YT 3 Am T
T)~A = —— | = 178
P = A N (nk3> N—1N\Tx/) (178)
where A = 37 D?/ (Shezv%F).
The Seebeck coefficient is given by

a(T) 7wk 1 oM(w) 1 Jt(w)
T e w e }a),r—o

(179)

and we shall neglect the first term assuming d[ln. A (®)]/do < d[Int(w)|do
for a slowly varying .4°(®). Equations (167), (171), (174), and (176) give
dlnt(w)]/dw|,_y ~ F2axrN.A;(0)/n.Zs, such that the low-temperature Seebeck
coefficient becomes [60, 61]

2an yT i27r2 kg T

o(T) = +29mYT _  2% kg T 180
)=+ 3 Je| Tx (180)

The upper (lower) sign applies to Ce and Eu (Yb) systems and Tx /kp = an®¢ /n. defines
the lattice Kondo scale.

The Sommerfeld expansion also gives Ly /Lj = 7r2k123T2 /3 and Lip/Ly; =
FanyT 2 /ne, so that the thermal conductivity becomes

2
K(T) = % To(T) [1 - ? <T1K) ] , (181)

The square bracket provides corrections to the WF law. In normal metals, 7x should be
replaced by Er /kp > T and the WF law holds. In correlated systems, Tx can be small
and the deviations from the WF law can be large (although Eqn. (181) only holds for
T << Tg).

The renormalization of the average velocity in Eq.(178) offers a possible explanation
of the sharp and asymmetric maximum of the A coefficient which is observed in resis-
tivity measurement of Ce intermetallics under pressure [62]. Consider, for example, the
PAM with 3 doublets split by the CF. At low temperatures the scattering of c-electrons
on two lowest doublet gives rise to the Kondo resonances which accommodate most of
the f-charge, i.e., there are n ~ n. + 1/2 electrons in each of the resonant channels. The
4 excited f states give rise to simple scattering with constant phase shift. These non-
resonant channels have n ~ n. electrons; they contribute to the residual resistivity but
not to the temperature dependent part of the resistivity.

The heavy mass is found in two resonant channels with n = n. + 1/2 electrons,
provided Kr is close to the edge of the BZ. But this makes V%(F quite small and gives rise

to the T-dependent resistivity, p(7') =~ po +AT?. In Ce compounds, heavy mass is seen in
systems with large A. In these systems, pressure gives rise to a further increase of A(P),
which might be due to the reduction of v,%F, because pressure increases hybridization and
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shifts the QP bands further apart. Since Kkr is fixed by the Luttinger theorem, pressure
reduces the dispersion and V%F. Of course, the reduction of ny enhances Tx but for u
close to the band edge, the change in ny cannot be large and Tx might not increase

sufficiently to compensate the reduction of v,%F. This might explain the initial increase of

A with pressure.

Above some critical pressure, the system becomes a valence fluctuator, i.e., the degen-
eracy of the f-state increases and the CF excitations vanish. All the f-channels are now
equivalent and single f-electron is distributed over 6 channels. There are n. + 1/6 elec-
trons in each channel and K 1s shifted away from the edge of the BZ. The FS average of
v%(F and the characteristic energy are both enhanced, which reduces the coefficient A, as
seen in Wilhelm’s data [46]. A further increase of pressure increases the characteristic
temperature, without changing v%(F, 1.e., above the critical pressure A decreases. Thus,

A(P) exhibits an asymmetric maximum.

The high-temperature 'poor man’s’ solution

At elevated temperature, the FL laws breaks down and to obtain ¢ (7') we need the full
solution of the periodic Anderson model with the CF splittings and/or large degeneracy.
Such a solution is not available at present and to estimate o/(7) we use a ’poor man’s’
approach. We assume that the conduction electrons scatter incoherently on the 4f ions
and calculate the transport relaxation time in the T-matrix approximation. We write
Yolk,0") ~ nTi(0"), where T (@) is the single-ion scattering matrix on the real
axis, and for the stoichiometric compounds set the concentration of 4f ions to n; = 1.
Since transport integrals are restricted to the Fermi window, we average Tix(®™) over
the FS and calculate 7(®) using Eq. (157). However, for a complete description, the
crystal field (CF) splitting has to be taken into account.

In the case of a single scattering channel (no CF splitting) the vertex corrections to
the T-matrix vanish by symmetry and the conduction electron’s self energy in Eq. (157)
is given by Z.(0") = V2G/(w™), where G¢(w™) is the retarded Green’s function of
the effective N-fold degenerate single impurity Anderson model. When the degeneracy
is lifted by the CF splitting the vertex corrections do not vanish but we neglect them
anyway and use

Ze(0") =) VirGr(o™*)Viy,, (182)
r

where Viy, = (I'|V k) is the FS average of the matrix element for the scattering between
the c-electrons (in the K-state) and the f-state (belonging to the irrep I') and Gr(@w™)
is the corresponding Green’s function of the single impurity Anderson model with CF
splitting.

As regards the validity of the ’poor man’s’ approach we point out that the
DMFT+NRG solution[63] of the spin-1/2 Anderson lattice shows that the electri-
cal resistance p(7) increases rapidly and is very large at temperature Tx where o(7)
has a maximum. For T > T /2, the thermopower of the lattice model[63] is very similar
to the exact results[64] obtained for the spin-1/2 Anderson impurity. This indicates that
the ’poor man’s’ approach can be used to describe the stoichiometric compounds at
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temperatures above Tx /2, provided the single impurity scattering is solved by methods
which can deal with large Coulomb correlation and the CF splitting.

The experimental results on the heavy Fermion and valence fluctuators provide ad-
ditional support for the *poor man’s’ approach. The data show that the residual resis-
tance of ternary and quaternary compounds like EuCuy(Ge;_,Siy);, CePt;_,Ni, and
Ybln;_,Ag,Cuy grows rapidly with x and for 0.3 < x < (0.8 the mean free path is re-
duced by disorder to about a single lattice spacing. In these random alloys the electron
propagation is incoherent even at 7 = 0 and the single impurity model should apply
down to the lowest temperatures. At low doping and in stoichiometric compounds, the
impurity description breaks down at low temperatures where pg is small. However, in
these systems p(7') and o (7') grow rapidly with increasing temperature (RT) and attain
large maxima at Tlf and Tk, respectively. In the case of degenerate f-states or small CF

splitting, the data show[65, 66, 67] TI’{) < Tk < RT and for T > TI’{) /2 there is not much
difference between the stoichiometric compounds and doped systems, i.e., the impurity
model applies. For large CF splitting, p(7') has two maxima: a low-temperature one at
T,’g and a high-temperature one at 7. The thermopower also exhibits two maximal: a

low-temperature one at T > TI’() and a high-temperature one at Ts. For T > Tk /2, where
the mean free path is short, the thermopower of periodic systems exhibits the same quali-
tative features as in random alloys, and can be explained in terms of impurity scattering.
The experimental data show that the functional form of a(7) is strongly affected by
pressure or chemical pressure. The fact that all the qualitative features of the pressure-
induced variations of a(7') can be successfully explained by impurity scattering justifies,
a posteriori, the poor man’s’ approach.

The thermoelectric properties of the single impurity Anderson model with the CF
split f-states are obtained by the NCA, which is explained in detail in Refs. [68] and
[69]. In the limit of large asymmetry and infinite f-f correlation, the Kondo temperature
Tk, obtained from the low-energy peak of the spectral function[70], agrees with the exact
result[71], Tx = 3y/mkp. y = (n*k3/ 3)N</1§r(u)ZjT1 is the impurity contribution to the

specific heat coefficient, A4} (1) = (1/xL)sin?(wns/N) is the fDOS at the Fermi level,
and Zy is the renormalization factor. For a structureless c-DOS, the NCA shows that Tk
depends sensitively on the degeneracy of the f-state. A small Tk is found for small N
and large Acr, while a large Tk is found for large N and small Acr. For a given N and
Acr, the Kondo scale is a monotonic function of ny. It has a minimum at ny = 1 and
increases rapidly as ny is reduced. In what follows, we discuss the behavior of o(7T)
assuming that pressure or doping increase the coupling constant g and reduce n but do
not change Acr.

We consider first a N-fold degenerate f-state and show typical NCA results[68, 69, 61]
in Fig. 1, where thermopower is plotted as a function of temperature for several values of
Ey. The calculations are performed for a half-filled, semielliptic c-band, no CF splitting
(N=8), and a constant hybridization I". A decrease of Ey gives rise to an increase
of g, which mimics the effect of pressure in Eu intermetallics. The thermopower is
characterized by the Kondo maximum o at temperature 7g ~ Tk. The high-temperature
behavior depends strongly on the value of ny. [Since ny can be temperature-dependent
we characterize the system by n¢(Tx)]. For ny ~ 1, the thermopower has a large high-
temperature slope, changes sign at 7o > Tk and assumes large negative values above
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Thermopower S(T) reveals
characteristic features

S(T) is much larger than in normal
metals.

S(T) changes with pressure.

At each pressure S(T) assumes a
typical shape.

5 WViK)

Evolution of S(T):

) for P <2 GPa (low pressure)
) above 2 GPa (intemediate P)

c) above 4 GPa (high pressure)
) above 8 GPa (verz high P).

T(K)

Figzra 1© Temperature dependence of the tharmodaectriz power ST} of
CaRngCaqfor varbous prossurae. Ty and T lebal tha contra of broed, presur.-
nduzed maxima, ralated to the Kondo ofect and the aystalling alecire fald,
raspactivaly. The tmt s
phasa.

CeRu Ge example
2 2

FIGURE 1. Thermopower of the single impurity Anderson model of a 8-fold degenerate f-state calcu-
lated by the NCA for fixed hybridization I" = 0.015 eV is plotted as a function of temperature for several
values of Ey, as indicated in the figure. The values of nf(TK) are 0.76, 0,81, 0,.86 0.91, and 0.93 for
—Er=0.12, 0.15, 0.18, 0.22, and 0.25, respectively.

Tp. The Tg and Tp increase, and the high-temperature slope of & (7) decreases with
decreasing ny. For ny < 0.7, we still find a shallow maximum of ¢(7) below RT but
the high-temperature slope is very small and the sign-change does not occur. A similar
behavior is obtained if the coupling constant g is reduced by increasing I'. For smaller N,
we find the same qualitative features but otg and T are reduced; for N =2 and ny ~ 1, the
asymmetry of the model is much reduced and the Kondo maximum is almost completely
suppressed.
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The CF splitting leads to additional features which we explain by the example of an f-
ion with two CF states separated by Acr. The respective degeneracies of the ground
and the excited state are M and M’, where M + M’ = N. The system now has two
characteristic low-energy scales: the Kondo temperature 7x and a larger scale TI](‘/ > Tk
which comes into play[72] when the excited CF states become significantly populated
at temperature Ty ~ A/2. For T > Ty, the thermopower can be approximated by the
function o (7T) which describes an effective N-fold degenerate f-state with Kondo
temperature TII(V and exhibits all the features discussed in the previous paragraph. For
T < Ty, the excited CF states are unoccupied and the properties are determined by the
lowest CF state which is M-fold degenerate (typically, M < N). Thus, the thermoelectric
response of a CF split f-level is described at low temperatures by an effective M-fold
degenerate Anderson model with Kondo scale Tx. All other parameters being the same,
the main difference between this effective model and a simple M-fold degenerate model
with Kondo scale TIQ’I = limp_,. Tk is that Tx > TIQ/I . The enhancement of T is due
to the virtual transitions from the ground to the excited CF states. The function oy (7')
which approximates o/(7') at low temperatures exhibits all the usual Kondo features. For
ny =~ 1, it has a Kondo maximum at Tx and changes sign at T > Tk; in the case of a
doublet ground state the Kondo maximum is very small and o/(T') is negative down to the
lowest accessible temperatures. For 0.7 < ny < 0.95, the Kondo maximum is enhanced
with respect to ny ~ 1, the high-temperature slope of ¢(T) is reduced, and the sign-
change shifted to Ty > Tx. For ny < 0.7 the maximum of o(T') is further enhanced but
the sign-change is absent. Of course, for T > T the excited CF states come into play
and oy (T) ceases to be physically relevant.

These effects are illustrated for a ground state doublet and an excited quartet in Fig. 2,
where a(T) is plotted as a function of temperature for various values of I'(p). The CF
spitting Acr is the same for all the curves. An increase of pressure increases I'(p) and
g(p), and reduces ny, which has a drastic effect on the functional form of o (7T’). We
assume at ambient pressure ny ~ 1 and choose I'(0) and g(0) such that «(7') < O at
RT. The corresponding NCA spectral function has well defined CF excitations[68, 69]
which show that the low-energy scales satisfy Tx < TI](V <& Tp. >From the previous
discussion we expect a(7) with a very weak Kondo maximum at Tk, a sign-change
at Top > Tk, and large negative values for 7" > Ty. Nothing particular happens at 7 ~
le(v , where the excited CF states are still unoccupied. At Ty, the excited CF states
become thermally populated and the functional form of &(7) changes from oy (T) to
o (T). Thus, a system with a low Kondo scale and large CF splitting has o(7) with a
negative maximum around 7x and a deep negative minimum at low temperatures. The
thermopower of that shape is illustrated by I' = 0.08 and I" = 0.10 curves in Fig. 2,
classified[11, 69] as type (a).

If I'(p) and g(p) increase, such that 0.8 < ny < 0.95, the NCA shows that the low-
energy CF excitations are still resolved and Tx (p) < T (p) < Tx. In this parameter range
the Kondo maximum of a(7') is enhanced and shifted to higher temperatures, such that
am(p,T) > oy (T) for T > Tx(p). The values of Tk, To(p) and T (p) are much closer
to T than at ambient pressure, and Tév (p) is now above Tj. Thus, at the crossover we
have oy (p,T) < 0 and ay(p,T) > 0. Since oy (p,Ty) is enhanced with respect to the
p = 0 values, pressure enhances the Kondo maximum and brings it closer to the CF
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FIGURE 2. Thermopower of an f~ion with the ground state doublet and excited quartet calculated by
the NCA for the CF splitting A = 0.07 eV is plotted as a function of temperature for several values of the
hybridization strength I', as indicated in the figure. The two bottom curves describe the type (a) Kondo
system, the third curve from the bottom is type (b), the two middle curves are type (c) and the third
one from the top describes the type (d) Kondo systems. The two upper curves are type (e) and describes
valence fluctuators.

maximum. The temperature interval in which a(7T") < 0 shrinks with pressure, while T
does not change. These features are demonstrated by the I' = 0.12 curve in Fig. 2, which
is classified as type (b).

In the pressure range such that 0.75 < n, < 0.8 the sign-change of 0y;(T') is pushed to
even higher temperatures and at large enough pressure (I') we have eventually Ty(p) >
Tx. The doublet-sextet crossover starts from oy (Tp) > 0 and o (7') still exhibits two well
resolved peaks but is always positive. These features are demonstrated by the I' = 0.14
and I' = 0.16 curves in Fig. 2, which are classified as type (c). A further increase of
pressure gives 0.7 < ny < 0.75, which brings Tx(p) so close to Tp that the Kondo
and the CF peak cannot be resolved any more. The a(T') exhibits a single peak with
a shoulder on the low-temperature side, as shown by the I' = 0.18 curve in Fig. 2, which
is classified as type (d). Note, as long as the low-energy CF excitations are well defined,
the thermopower has a peak at temperature Tg ~ Tp and the magnitude of this peak
increases with pressure.

If T'(p) and g(p) become very large and n s drops below 0.7, the spectral function does
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not show the CF excitations any more. The thermopower acquires a single maximum
at Ts which is unrelated to Acr. The difference with respect to Kondo systems is
that pressure shifts this thermopower peak to higher temperatures without changing its
magnitude. Such behavior is typical of valence fluctuators and is demonstrated by the
I' =0.20 and I" = 0.25 curves in Fig. 2, which are classified as type (e). The curves
in Fig. 1, which describe the system without the CF splitting such as Eu intermetallics,
are also of this type. The Yb systems are characterized by an f~-hole and the qualitative
features of a(T') are obtained by reflecting (’mirror imaging’) the curves in Figs. 1 or 2
on the temperature axis.

Falicov-Kimball model

The thermoelectric properties, the anomalous magnetic response of f-electrons and the
metal-insulator transition of the conduction states that accompanies the valence-change
transition in YbInCuy-like intermetallic compounds are very well described by the spin-
degenerate Falicov-Kimball model. The model considers a lattice of localized f-sites,
which can be either occupied or empty, and conduction states which are delocalized
via a nearest-neighbor hopping. The two types of electrons interact via a short-range
Coulomb interaction and share a common chemical potential, which controls the total
number of electrons n = n. +ny. The occupation of the f-states, which can be split into
several CF levels, is restricted to ny < 1. For a given total number of electrons, thermal
fluctuations can change the average f~occupation by transferring electrons or holes from
the conduction band to the f-states and vice versa. The interaction has to be large enough
to open a gap in the conduction band. We also assume that at low temperatures U is
within the lower (or upper) Hubbard band, so that the ground state is metallic. Since the
model neglects quantum fluctuations, the ground state has no f-holes and the conduction
electrons are essentially free.

The Hamiltonian of the spin-one-half Falicov-Kimball model can be written as[73]

.
_ _Zt% Z c;LG Cjc —I—Ewai—FUZwic}LGcic, (183)
(i.j)o i io

where cl.TG (cig) is the electron creation (annihilation) operator for an electron at site i
with spin 0, E is the energy level of the localized electrons, w; is a variable that equals
zero or one and corresponds to the localized electron number, and U is the interaction
strength. The hopping integral is scaled with the spatial dimension d so as to have a
finite result in the limit [74] d — oo; we measure all energies in units of t* = 1. We
work on a hypercubic lattice where the noninteracting density of states is a Gaussian
p(e) = exp(~€*)/V/.

The Falicov-Kimball model can be solved exactly by employing dynamical mean
field theory [75, 76, 77]. Because the self energy X(z) is local, the local Green’s function
satisfies {

- ¢ (184)

G(z) = [ dep(e)
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with z anywhere in the complex plane (we suppress the spin index here). The self energy,
local Green’s function, and effective medium G are related by

Gy '(z) -G '(z) =2(2), (185)
and the Green’s function also satisfies
1
G(z)=(1—-w1)Golz) +w————. (186)
(@ = (1= w)Go(a) +wr o

Here wj is the average concentration of localized electrons,

wi =2exp[—B(Ef—W)|Z(u-U)Z)(n—-U)/Z, (187)
with Z = Z; (u)Z| () +2exp[—B(E; — w))Z1(p — U)Z;(u — U) and
_ ~ Bu/ lCOn‘l‘,u—Ag(l(Dn)
Zo(u) = 2ePH 2];[ o : (188)

The factor of two arises from the spin degeneracy of the f-electrons and the constraint
that no more than one f-electron is allowed on any site. The symbol As(z) is defined
from the effective medium via Ag(i®,) = i@, + p — Goa (ith), @, = T (2n+ 1) is
the fermionic Matsubara frequency, and f = 1/T. The algorithm for determining the
Green’s function begins with the self energy set equal to zero. Then Eq. (184) is used to
find the local Green’s function. The effective medium is found from Eq. (185) and the
localized electron filling from Eq. (187). The new local Green’s function is then found
from Eq. (186) and the new self energy from Eq. (185). This algorithm is repeated until
it converges. The transport coefficients are obtained in the limit of infinite dimensions by
substituting the exact conduction electron Green’s function into Eq. (154) and evaluating
the integrals for transport coefficients numerically[78, 77].

The properties of the model exhibit all the features seen in the high-temperature
phase of the intermetllic with the valence-change transition. The calculations show that
the degenerate f-states become fractionally occupied at finite temperature and that the
additional paramagnetic entropy of these excited states competes for the free energy with
the excitation energy, the kinetic energy of the conduction electrons, and the interaction
energy[77]. This gives rise to a valence transition at a temperature 7y, such that a
substantial number of electrons (in Eu compounds) or holes (in Yb compounds) are
transferred from the conduction band to the 4fions. The onset of the 4f paramagnetism
is accompanied by the reconstruction of the interacting density of conduction states and
the shift of u into the gap. Below Ty the entropy of the system is given by the entropy
of the conduction states. Above Ty the entropy is dominated by the contribution of the
localized, paramagnetic states. At intermediate temperatures the behavior can be quite
complex[78, 77], because both the degeneracy of the f-states and the number of charge
carriers change at Ty . The large reduction of the ot/.% ratio at Ty is an indication of the
reduction of Fermi volume.

As regards the thermal transport, the calculations show([78, 77] that the electrical
resistance of the paramagnetic phase is large and has a maximum at a temperature
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T* > Ty, which is of the order of the gap, or the pseudo-gap in the density of states.
The thermopower obtained by the DMFT is weakly temperature dependent and its sign
depends on the band filling. The maximum of o/(7) is also at T*. The dc-conductivity,
thermopower, and electronic contribution to the thermal conductivity, obtained by the
DMEFT solution for U = 2 and five different w; values are shown in Fig. 3 (for details
see [77]). For these parameters, there is always a region of exponentially small DOS
near the chemical potential at low temperature [but in this region 7(®) decreases only as
a power law]. As the localized electron concentration wj moves away from 0.5, the
high-temperature thermopower increases in magnitude due to the asymmetry in the
DOS (it must vanish at 0.5 due to particle-hole symmetry) and the low-temperature
thermopower shows a sharp peak for fillings close to half filling (the sign is hole-like,
because the DOS from the lower Hubbard band dominates the transport coefficients at
low temperature); the dc conductivity and thermal conductivity both vanish at low 7" due
to the “gap” as well. The thermoelectric figure-of-merit ZT = T 6,57 /&, is plotted in
Fig. 4—we find it is larger than one at high 7 for w; < 0.22, and for fillings close to
half filling, there is a low-temperature spike in Z7 that can become larger than one over
a narrow temperature range. The spike at low 7 is due to the large peak in S and the
small thermal conductivity; but the phonon contribution to the thermal conductivity can
sharply reduce ZT if the phonon thermal conductivity is much larger than the electronic
thermal conductivity (this all electronic calculation provides only an upper bound to ZT).
The Lorenz number is also plotted in Fig. 4. It gets huge at half filling, but becomes more
metallic (= 72 /3) as the filling moves further away from half filling. It is not a constant
even at low temperature because the system is not a Fermi liquid.

The above discussion shows that the DMFT calculations for a parameter set which
yields the valence change transition at 7y = 50 K and opens a pseudo-gap of the order
of T* ~ 500 K, explains the main features of the magnetic susceptibility, the XPS data,
and the optical conductivity of the stoichiometric compound YbInCuy at temperatures
above Ty. The calculated thermopower[78] is of the order of a few uV /K, and its
sign is either positive or negative, depending on the band filling and the shape of the
conduction band. The proximity of u to the pseudo-gap would lead (in a non-interacting
system) to a shallow minimum of o/(7') at a temperature of the order of 7%, but in an
interacting system, the valence-change transition destabilizes the semiconducting phase,
and gives rise to a discontinuity of ¢¢(7') at Ty . The low-temperature FL state has a large
characteristic temperature and | (7')| is a linearly increasing function of temperature.
Thus, a cusp or even a discontinuity appears in o(7') at Ty, in good agreement with the
experimental data.

FIGURE 3. (a) DC conductivity, (b) thermopower, and (c) electronic contribution to the thermal
conductivity, for the spinless FK model with p, = 1 —wj and U = 2. Five fillings are shown: (i) w; = 0.5
(solid line); (ii) w; = 0.4 (dashed line); (iii) w; = 0.3 (chain-dotted); (iv) w; = 0.2 (dotted); and (v)
wi = 0.1 (chain-triple-dotted). From Freericks and Zlatic, 2003 [77]
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FIGURE 4. (a) Lorenz number . klzg / e? =Ky /04.T and (b) electronic thermoelectric figure of merit
ZT = T6,.5% /X, for the spinless FK model with p, = 1 —w; and U = 2. Five fillings are shown: (i)
w1 = 0.5 (solid line); (ii) w; = 0.4 (dashed line); (iii) w; = 0.3 (chain-dotted); (iv) w; = 0.2 (dotted); and
(v) wi = 0.1 (chain-triple-dotted). From Freericks and Zlatic, 2003 [77]
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