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Peltier effect in normal metal—-insulator—heavy fermion metal junctions
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A theoretical study has been undertaken of the Peltier effect in normal metal—insulator—heavy
fermion metal junctions. The results indicate that, at temperatures below the Kondo temperature,
such junctions can be used as electronic microrefrigerators to cool the normal metal electrode and
are several times more efficient in cooling than the normal metal-heavy fermion metal junctions.
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The attention of physicists has been drawn to heavy ferrier from an electron stateo{p) in the normal metal elec-
mion (HF) compounds;? the unusual properties of which trode into a quasiparticle stater¢k) in the energy band
make them attractive for various physical applications sucte, (k) of the HF metalg and« are spin indices, and is the
as thermoelectric devicés® In this letter, the Peltier effect Hamiltonian of the junction.
of a normal metalN)—insulator(l)-HF metal (N,z) junc- The thermal transport properties of the NENjunction
tion is investigated. It is shown that the NiNjunction can  are determined by the energy transferred by the tunneling
be used as an electronic microrefrigerator. The physical prineurrent. When electrons with kinetic energy, are removed
ciple of the microrefrigerator is that the current flowing from the normal metal and transit into the HF metal, then
through the junction removes high-energy thermal electronglectrons with an average kinetic energy equal to the chemi-
from the normal metal, thus cooling it. Recently, electroniccal potentialu are returned to the normal metal electrode
microrefrigerators based on normal metal-insulator-through normal contact. Then, the power tran$fdrom the
superconductofNIS) tunnel junctions have been proposed normal metal electrode on the left into the HF electrode on
and investigatef! It is the existence of a superconducting the right is given by
gap in the superconductive electrode of the NIS junction that
permits manipulation of the Fermi—Dirac distribution of
electrons. Similar refrigeration effects also can be achieved P=27 X [T, akopl?(€Lp+eV—E ) (€ p— 1)
through the internal field emission in a thin-film devfte, vak.op
vacuum device$!® and superconductor—semiconductor— X[f(eLp)—F(E)]. )
superconductofSSS structures?

In the present letter, it is shown that the existence of & |t p~( then the tunneling current cools the electron gas
hybridization gap produced by strong electron correlationsy, he normal metal electrode. In order to determiirand P
near the Fermi surface in a HF metal also allows manipula g necessary to obtaiff,, ,, andE,(k). This is a non-

. . vak,op v .

tion of the energy transfer from the electron gas in the NOryjyig| task for HF compounds due to the strong electron
mal metal electrodéthermoelementto electrons in the HF o ejations. The physical properties of HF compounds de-
electrode in the NINg junction. Calculation of the tempera- pend strongly on temperature due to the Kondo effect. At
ture dependence of the power transfer from the normal met%mperaturesT>Tk bare electron states are well-defined
electrode reveals that it attains a maximum at a temperat“r(‘fuasiparticle states. With decreasing temperature when
below the Kond_o temperaturg,. ) — Ty, the scattering of conduction electrons off the localized

The tunneling current and thermal properties of thef gjectrons is enhanced and results in the Kondo resonance,
NINy junction shown in Fig. (@) is investigated. A poten- \yhich is responsible for the unusual transport properties of
tial V is applied to the normal metal electrode. The tunnelingy compoundé? In particular, aff ~ T, the Seebeck coeffi-

current is given by cient of a HF metal displays a giant peak. At temperatures
below T, hybrid quasiparticles are formed. They can be de-
I1=2me D |T,akopl?0(eLp+eV—E,) scribed as a quantum superposition of conductionfasiec-
vak,op . .
trons. Thus, it is expected that tunneling of electrons from
X[f(ep)—FEW], (1)  the normal metal electrode into the HF electrode is different

] o ) . above and below, due to the different nature of quasipar-
wheree, is the kinetic energy of conduction electrons with ;e states.

momentump in the normal metal electrodd(E) is the In order to study the Peltier effect of the NiNjunction
Fermi—Dirac distribution functionT . op=(vek|H|op) iS5t 7T, the following Hamiltonian was consideret
the matrix element of the electron transition through the bar—_ H,+Hg+Hr, whereH, andHp are the Hamiltonians of
the normal and HF metals, respectivaly is the tunneling
¥Electronic mail: goltsev@fis.ua.pt Hamiltonian:
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u,, describe the renormalization of the tunneling matrix el-
ement due to the anisotropy of the Kondo coupling and the
formation of the hybrid stateg5). There is the relation
|u|?=0E,/derc. The hybrid quasiparticles are called
“heavy fermions” as the mass of the quasiparticles at the
Fermi surface is much larger than the bare electron mass
Mg: M&/mg=|uy | ?>1 atk=Kkg. In accordance with Eq.

(6) at T<Ty the renormalized matrix elemeft, .y ., for
tunneling into HF states near the Fermi surface becomes in
1 ug |~ (mE/mg) Y2 times smaller than the, , value. Sub-
stituting Eq.(6) into Egs.(1) and(2) gives

FIG. 1. (a) Schematic of the NINg junction. (b) Electron distribution func-
tion in the normal metal electrod®n the lefy and HF electrodéon the
right).

|=4we;p | Tipl 2| Ukl ?8(eLp+€V—E )

X[f(Ex—eV)=f(E], 7
= 2 2 -
HTIk%U (Tk,pa;pco'k'i' T’k\‘,pc;rkaa'p)a (3) P—47T]%p |Tk,p| |uyk| 5(€Lp+ eV Eyk)
X(Ex—eV—w)[f(Ex—eV)—f(E)]. ®)

wherea;p(agp) andc;,(c,) are creatiorfannihilation op-
erators for bare electron states with spimnd momentunp
andk in the normal and HF metals, respectively, ang, is

the bare matrix elementy is the Hamiltonian of the peri-
odic Anderson model. AT<T,, in the framework of the
mean-field approach, the Hamiltoni&ty can be written in

the form3-1°

_ + +
Hr= EK €RKCokCok T Ek erfaifax
g (24

+ Ek (Veittao(K) f aCoxtH.C), (4)

It is important to note that the increase of the density of
states (DOS) in the hybrid bands,p,(E)=2,6(E—E,))
=pgrlu, 2, with regard to the bare DOSg, compensates
for the decrease of the tunneling matrix element &, as
P (E)| T, ak.opl*= prI Tk pl?. Taking into account this result,
it is concluded that the formation of heavy fermions does not
change noticeably the magnitude of the tunneling curtent
through the NIN,e junction.

In order to examine the properties of the NiNunction
caused by the formation of the hybridization gap, the follow-
ing approximation is made. The energy dependences of the
bare density of states is neglected, as is also the momentum

whereegy is the kinetic energy of noninteracting conduction dependence oT, and anisotropy of the Kondo coupling.
electrons in the HF metal, and.4 and ¢; are the effective ~With these assumptions the following is obtained:

hybridization parameter and effectifdevel energy, respec-

tively. The parameter¥q, €; and the chemical potential

maxE,
| =4mep, pr| Ty pl 22 f_E [f(E—eV)—f(E)]dE,
v minE,,

have to be determined self-consistently, minimizing the free
energy with respect t¥, €; andu at a given total number
N, of electrons. HerelN;=N.+ N; whereN. andN; are the
number of conduction anflelectrons pef ion, respectively.
This gives a set of the mean-field equatidh€e’ " ions in
the ground state have one electron in thehell. Valence
fluctuations lead tdN¢=<1. In this casee;>u. The function

) maxEg,
P=4mp pr| Ty o2 f (E-ev—p)
v minE,

X[f(E—eV)—f(E)]dE.

At |eV|<T these equations give=TII1 where

(€)

¢..(K) characterizes the anisotropy of the Kondo coupling.
The diagonalization of the Hamiltoniad) gives the quasi-

particle energies

E,x=1{€r+ erir [ (61— eri) >+ 4|V(K)[2]¥3 /2. (5)

Here, V(K)=Veid(k), ¢*(K)=2 40l ¢ao(K)[?/2. The upper
and lower signs correspond ie=1 and 2, respectively. For
the isotropic couplings?(k) =1 a hybridization gap between
the lower and upper hybrid bands,, and E, is equal to

AE=min E,—maxE;~WVeq#(W—u)u, where W is the
width of the conduction band. The gap is opened;atCal-

culating the eigenfunctions related B, the matrix ele-

mentT, . », Can be found:

Tvak,apETak,O'puvk:i ¢ao(k)uvak,p/¢(k)- (6)

Equation(6) shows thatT, . ., differs strongly from the

bare matrix element,
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The factorsi ¢,,(k)/#(k) and

TI={AE+Ef(E)—Epf(Ep) — TIN[f(E)/F(Ep) M/
[1+f(Ep)—f(Ep]le|. (10

Here, E;= maxE;, and E,=maxE,,.

In order to obtain the temperature dependence of the
Peltier coefficientIl the set of mean-field equations are
solved numerically and¢(T), Veg(T), and w(T) are ob-
tained. These parameters determine the energy spectrum Eq.
(5). The temperature dependencesIbfT) and the energy
gapAE are presented in Fig. 2. These calculations show that
in the case of a low-lying Kramers doubldt=2 the Peltier
coefficientII(T) achieves a peak value of order of T, 3|€|
at T«0.2T.. Therefore, ifeV>0, then a current flowing
from the left to the right cools the electrons in the normal
metal electrode. The cooling effect has the following origin.
Consider a flow of electrons from the HF electrode into the
normal metal electrode. Such a flow corresponds0. In
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trode a junction Ne(Yb)ININ,=(Ce) may be proposed be-
1.5¢ (@) (b) cause the current flowing through both,MYb)IN and
NINye(Ce junctions will cool the electrons in the normal
0.4} metal electrode.

The above calculations of the Peltier coefficient of
NIN e junctions have been carried out in the isotropic ap-
proximation neglecting anisotropy of the Kondo coupling
0l produced by the crystal field effect. It is well known that this
0.5} ' effect influences the DOS in HF compourtds?® It is also

expected that it will affect the tunneling current and the

LN power transfer through the junction.

N In conclusion, the tunneling current and Peltier effect of

O'%,o of5 1.0 0'%_0 of5 1fo the normal metal—insulator—heavy fermion metal junctions

T, T, have been studied. It has been demonstrated that at tempera-

tures below the Kondo temperature the tunneling current

FIG. 2. (a) Hybridization gapAE vs T in the HF metal for the spin degen- transfers energy from the normal metal cooling electrons in

ega$VN=2 and Ct?nhcen_trati?nhOfPCOIr}ductiOPf_ ?[ghcttrdﬂ??\iﬁ\? perfion.  the normal metal electrode. Thus, these junctions as well as

S e e et " the normal-insulator—superconductor junctions may be used
as an electronic microrefrigerator to cool electrons in the
normal metal electrode below the lattice temperature.
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