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Why holes are not like electrons. Il. The role of the electron-ion interaction

J. E. Hirsch
Department of Physics, University of California, San Diego, La Jolla, California 92093-0319, USA
(Received 1 September 2004; revised manuscript received 30 November 2004; published 31 March 2005

In recent work, we discussed the difference between electrons and holes in energy band in solids from a
many-particle point of view, originating in the electron-electron interaction, and argued that it has fundamental
consequences for superconductivity. Here we discuss the fact that there is also a fundamental difference
between electrons and holes already at the single particle level, arising from the electron-ion interaction. The
difference between electrons and holes due to this effect parallels the difference due to electron-electron
interactionsholes are more dressed than electro&e propose that superconductivity originates in “undress-
ing” of carriers fromboth electron-electron and electron-ion interactions, and that both aspects of undressing
have observable consequences.
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I. INTRODUCTION The central character in this paper is in fact not the hole,

Hamiltonians used to describe many-body phenomena iRut the “invisible” antibond_ing elgctron, the electron at the
solids are usually electron-hole symmetfiy electrons and Ferml level when the Fermi level is near the top of thg band.
holes it is meant the charge carriers at the Fermi energy whesSing the language of “holes” rather than “electrons” in fact
the Fermi level is near the bottom and near the top of thé@bscures the essential physics since these antibonding elec-
band, respectively Instead, in the first paper of this sefies trons are the ones that undress and carry the superciasent
and other recent wofkwe have argued that holes are funda-electrons, not as hole# the superconducting state.
mentally different from electrons, due to the different effect
of electron-electron interaction for carriers at the bottom and |, /51T BINDING ELECTRONIC ENERGY BANDS
the top of a band. We have proposed a class of model Hamil-
tonians, “dynamic Hubbard models,” to describe this phys- The tight binding Hamiltonians usually considered such
ics, and argued that this physics plays a fundamental role ias the Hubbard model have a single-particle part of the form
superconductivity:* These electron-holasymmetridHamil-
tonians describe quasiparticles that become increasingly Ho=- > tijcfacjg, (1)
dressed by the electron-electron interaction as the Fermi ijo

level rises from the bottom to the top of the band, and giveWhere ¢! creates an electron in Wannier orbitalr) cen-
rise to superconductivity driven by quasiparticle io

“undressing.® They also display many characteristic featuresired at lattice sité. This Hamiltonian may or may not be

that are observed in hig, cuprates. electron-hole symmetric. However if we restrict ourselves to
In these Hamiltonians, the electron-electron interactiof€@rest neighbor hopping on a hypercubic lattice as is usu-

breaks electron-hole symmetry, however the single partici@lly done,

part of the Hamiltonians is still electron-hole symmetric. In T

this paper we point out that in real solids a fundamental Ho= ‘tz (CiyCjs t H.C) (2)

electron-hole asymmetry already exists at the single-electron (e

level, which parallels the electron-hole asymmetry arisingthen the Hamiltonian is electron-hole symmetric, as can be

from electron-electron interactions. This physical effect isseen from the fact that the canonical transformation
also missing in the tight binding Hamiltonians commonly

used to describe correlated electrons in solids. Just as quasi- G, = (- 1)'d} (3)
particles in real solids are increasingly dressecel®ctron-

electroninteractions as the Fermi level rises in the bamge  |€8VeS it invariant. The band energy is

point out here that they are also increasingly dressed by the d
electron-ioninteraction as the Fermi level rises. Furthermore €=—2t>, cosk,a (4)
we argue that because when holes pair the band becomes v=1

locally less full, undressing frorboth the electron-electron
interactionand the electron-ion interaction will take place.
Remarkably, as we will discuss, experimental evidence th
undressing from the electron-ion interaction takes place upo
the transition to the superconducting state has been known, . 1 [ Pe 142
even if not fully appreciated, for a long time. The fact that = ﬁ(%) = 2tal

- . . X / k=0
electrons undress from the electron-ion interaction when
they pair has also fundamental consequences foand the effective mass at the top of the band has the same
superconductivity. magnitude as Eq5) and opposite sign.

with a the lattice spacing and the dimensionality. The ef-
fective mass for carriers at the bottom of the band is inde-
endent of direction and given by

(5
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FIG. 1. Electronic states in a tight binding band. The states af FIG. 2. Electronic states in a real band. The states at the bottom

the top of the band and those at the bottom of the band are relate(?Ondlng have a hlgh density of charge in betvyeen Fhe lons, and a
: ) o : smooth wave function. The states at the taptibonding have a
by a canonical transformation. This will be the case if they are

Bloch sums ofhonoverlappingMannier orbitals with wave vectdr node in the charge density between the ions and a spiky wave

and -k, respectively. function.
When one includes electron-electron interactions that do boa= M' (7a)
not break electron-hole symmetry, e.g., in an extended Hub- 4 [20x09]"?
bard model,
S=(¢p1,¢), 7b
H = Hg+ 2 vinin, 6) (¢1,92) (7b)
ij
o=9I9 (70)

or electron-phonon interactions as in the Holstein or Su-
Schrieffer-Heeger models, or electron-spin interactions as itith the upper(lower) sign corresponding to bondin@nti-
the Kondo lattice model, the Hamiltonian retains electron-bonding states. Fos orbitals, the sign of the overlap matrix
hole Symmetry and hence the properties of the System a'@ement is pOSitive and thevenlinear combination gives the
identical for band fillingn, and 2 -n,, with n, the number of lowest energy molecular orbital, the bonding orbital, and the
electrons per site. Instead, adding a correlated hopping tern@dd linear combination gives the high energy antibonding
or electron-boson interactions of particular forms as in dy-orbital. Forp orbitals S is negative and the situation is re-
namic Hubbard modelé breaks electron-hole symmetry and versed. However the key point is that the lowest molecular
leads to qualitatively new physics. orbital is always the linear combination that yields high elec-
Here however we want to focus on the fact that in writing tronic charge density between the ions, and the other one has
down the noninteracting Hamiltonian E¢2) we have al- @ node in the electronic wave function at the midpoint be-
ready eliminated an important source of electron-hole asymtween the ions. Conversely, the low energy bonding orbital
metry, arising from the electron-ion interaction. The has always lower charge density at the ion site than the an-
electron-hole transformation E(B) says that the wave func- tibonding orbital.
tion of an electron at the bottom of the band is essentially the For an energy band we argue that the electronic states
same(except for a phase factoas the one for an electron at 100k qualitatively as shown in Fig. 2, independent of which
the top of the band. Note also that the Wannier orbitals usegtomic orbital gave rise to the band. The point is that the
to define the Hamiltonian Eq2) need to be orthogonal to States at the bottom of the band have lowest enérgydefi-
each other. Schematically, this can be represented by tHation), which is achieved by piling up electronic charge den-
wave functions shown in Fig. 1. Here indeed the states at thaity in the region where it can most benefit from the electron-
bottom and the top of the band are equivalent, since one cdfn potential, namely in the interstitial region between ions;
be transformed into the other by the operatigr(r)—  at tr_]e same t!me, due to normalization, the charge d(_ansit.y at
(-1)'¢;(r). However in fact the real situation is very different the ionic site is reduced compared to the free atom situation,
and no such electron-hole symmetry exists even at the singfd the resulting smooth wave function also has a low ki-
particle level. netic energy. Instead, the states at the top of the band are
constrained by the fact that they must be orthogonal to the
states below them. This causes the wave function to have a
Ill. REAL ELECTRONIC ENERGY BANDS node in the region between the ions, and a higher amplitude
at the ionic site than for the isolated ion; as a consequence,
Real electronic energy bands can be obtained from banthese states have a high potential energy, since they do not
structure calculation schemes, and the eigenstates certairlgke maximal advantage of the electron-ion potential, and a
do not look like the states depicted in Fig. 1. Here we wish tchigh kinetic energy because the wave function is spiky rather
focus on what we believe is the key universal aspect thathan smooth.
differentiates the states at the bottom and the top of any Because the wave function at the bottom of the band is
electronic band. more smooth, it resembles more the free electron plane-wave
The essential physics can be illustrated clearly with a difunction, which gives rise to a uniform electronic density.
atomic molecule. Ifp;(r) is an atomic orbital at atorr=1, 2,  The wave functions at the top of the band give rise to a
the bonding and antibonding atomic orbitals in a linear com-nonuniform charge density, quite unlike free electron wave
bination of atomic orbital§LCAQO) scheme are given by functions. Furthermore the effective mass defined by(Eq.
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will be positive near the bottom of the band, as the free
electron mass, and negative near the top of the band. We ¢
conclude that quite generally the single-particle electronic
states near the bottom of the band are more free-electron-likehe effective mass tensor is given by
than those near the top of the band. ) 5
We argue that these are universal physical differences be- (i) :i o€ =i5A +i & Ukl
tween electronic states at the bottom and top of electronic \m'/; 420k gk me ' H2dk Ik e — ep
energy bands, determined by the facts that states at the bot- (10)
tom have low energy and states at the top have high energy,
and by the exclusion principle. These are real physical difand is almost isotropic and free-electron-like for smill
ferences that cannot be eliminated away by canonical transince the second term in ELO) is small.
formations. Fors orbitals the energy versusrelation looks As the Fermi level rises electrons at the Fermi surface
like that in Fig. 2, while forp orbitals it is inverted, with the become increasingly dressed by the electron-ion interaction,
lowest states &t~ 7 and the highest states lat-0. In both  the wave vectok increases, the energy denominators in Egs.
cases the electronic wave function looks qualitatively as in8)—(10) decrease and the electronic energy, wave function,
Fig. 2 in the region between the ions, except that for a bandnd effective mass increasingly deviate from the free elec-
deriving fromp orbitals the wave function has an additional tron values, as the second terms in E(—(10) become
node exactly at the ionic site for all states in the band. Théncreasingly important compared to the first terms. Qualita-
same considerations apply to bands originating in other ortively, as the wavelength decreases, the electrons become
bitals. increasingly aware of the existence of the discrete ionic po-
The physical difference between states at the bottom anténtial due to the fact that the wavelength of the electronic
top of the band is also embodied in their name, bonding angvave function becomes closer to that of the ionic potential.
antibonding, respectively. The high interstitial electronic  Consider for definiteness a simple cubic lattice. The per-
density of the bonding orbitals gives rise to an attractiveturbative expressions Eq$8)—(10) break down when the
interaction between ions, binding the solid together; insteadyave vectork approaches one half of the smallest reciprocal
the vanishing electronic charge density between ions of thgyyice vectorsk =(2x/a)l, with | one of the three principal
_antlbond_lng electrons causes a re_pulswe mte_ra_ctlon bet"‘_’e%{kis, i.e., when the wave vector approaches the edge of the
ions, which tends to break the solid apart. This is why lattiCegyjjioyin zone, or the electronic wavelength approaches
instabilities are associated with the presence of antibondingyi-e the ionic charge wavelength. Then, nearly degenerate

states at the Fermi energy, i.e., with bands that are almogferhation theory yields for the state near the top of the
full. As is well known, superconductivity is also often asso-

ciated with the presence of lattice instabilities nearby in the

= —glkT, (9b)

phase diagrarfjndicating a connection between antibonding €+ el - e\ )

states and superconductivity. “«—— ~“\ViT 3 )7 Uk, (113
IV. WEAK COUPLING _ ‘PE+ (P(k)—K 11b

It was noted already by Bloch that the very different tight Pk \;’E '

binding and weak binding starting points for the description

of electronic states in solids give complementary and very 1 1 %2 K2

similar pictures. The fact that electrons at the bottom of the = . (119

band are more similar to free electrons than those at the top mm 4m Uyl

of the band discussed in the last section is very evident fronthe wave functiong,(r) ~cogkr), k~m/a is zero at the

electron-ion potentiall yields for the band energy also predicts. Because the ionic potential has broken the de-
Uy 2 generacy with the other linear combination of free electron
€= e(k) +> o o0 (8) wave functionsg,(r) ~ sin(kr), the charge density associated
K €™ €k with the states at the top of the band is nonuniform unlike the

with €2=%2k2/2m, the free electron energim,= free elec- free electron case. Beyond on\{est order .per'turbation_ theory
tron massandK reciprocal lattice vectors. Starting from the these wave functions get modified by the ionic potential that

state atk=0 energy denominators are large, so the seconfulls the electronic charge closer to the regions of p(_)sitive
term in Eq.(8) is small and the energy versksrelation is charge. The dependence of energy on wave vector is very

almost free-electron-like. The wavelengttr 27r/k is large different from the free electron case, and in particular the
and the electronic wave function effective mass Eq(110 is negative for smallUy| which is

the regime where these expressions are valid.
Uk These facts are of course well knowkiowever it is not

-0 K 0
Pe= Pt % ) K@k—K (93 usually stressed that they reflect a fundamental physical dif-
: ference between states at the bottom and the top of electronic
is almost the free-electron plane wave energy bands, i.e., between bonding and antibonding elec-
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trons, or equivalently between electrons and holes. V. PHYSICAL DIFFERENCES BETWEEN ELECTRONS
For the lowest band in a solid these considerations then AND HOLES DUE TO THE ELECTRON-ION
imply that electronic states at the bottom of the band are not INTERACTION

very different from free-electron states, and in particular that In the preceding sections we have discussed the difference
the electronic density is nearly uniform and not strongly. P 9

modulated by the ionic potential. The electron-ion interactioni?e\(’:\g\r/‘iefli1 rt1lcot :10B'e:\?vztgzng;zzrgtetﬂinkfgt){b?nngfe:ek(rgi)gj\:ﬂ-/ ave-
has an increasing effect in modifying the electronic density,

and the energy-momentum relation from the free-electror%rong and states at the top of a baffwbles, and argued that

values as the states approach the top of the band. We argsgz;ees nneegt:]heetg ottoc;Thgfthr(]a db:rr;dnirte :Seﬁlgg{ﬁ:'hrﬁ%ggld
that the same physics will be true for other bands. Let us firs b A NG 9

: . . f the form Eq.(2) does not reflect the physical difference
consider the results of the perturbation theory dlscusseﬁetween bond?n(g)and antibonding electrgn)é Yet these differ-
above for the second band. The wave functigf(r) '

. ences have concrete observable consequences, as discussed
~sin(kr) at the bottom of the second band has a node at th q

S . . : o i fi what follows.
ionic site but is smooth in the interstitial region, as free-

electron wave funcions are. The effective mass at the bottom
of the second band is given by Ed.10 with a positive sign

for the second term, hence is positive as for free electrons. . ) o
Even though it is smaller than the free-electron mass, second When a force is applied to an electron inside a metal, both
order contributions of the form E¢8) will increase its value  the electron and the lattice change their momentum,

A. Momentum transfer to the lattice

towards the free-electron mass. For example, the dominant - AP APy + AP
contribution in second order fok~ m/a comes fromK’ F=—& - Zkel” ZHat (14)
=4x/ain Eq. (8) and yields At At
Semiclassical transport theory relates the change in total mo-
1 1 ( 522 a4m2|UK,|2> mentum to the change in the electrooiystal momentum
=1+ -— 12 )
m m mea2|Uy| 274 (12 Ap =hAk (15)

while the change in electronic momentum is given by
and contributions from othd{ values will increase it further.

At the top of the second band, i.e., lat27/a, degenerate > _ > _ l@ c_Me,
perturbation theory wittk =4s/a again yields negative ef- APer = MeAver = Me57 2 hlk= m OP (16
o e o S e oo a5suing soopi fecive mas or smplio tat
tion bands in solids that is similar to the lowest band dis_momentum transferred to the lattice is

cussed above. In pseudopotential theory the conduction band _ me) . -

energy is to second order APjar = (1 - W)AP- (17)

For electrons near the bottom of the band,is close tom,

6= e+ (KWK + >, <k|W|k_OK><l;_ K|W|k>, (13)  and practically all the momentum is transferred to the elec-
K €~ €k tron and none to the lattice. Instead, for electrons near the top
of the band the change in the electron momentum is opposite

to the transferred momentum singg is negative, and the
lattice needs to pick up both the externally transferred mo-
entum and the negative of the momentum change of the
lectron. We may quantify the dressing of the free electron
y the momentum transferred to the lattice when an external
orce attempts to change the electronic momentum; it is clear

where the pseudopotenti&l/ is an operator rather than a
local function of position. The pseudopotential is chosen t
give a smooth pseudo-wave-function to optimize the conver-
gence, and it is found that its matrix elements are small an

the second order expression Efj3) is adequate except near f

Bragg planes, as in the simple case discussed abidsaia- then that the electron-ion interaction increasingly dresses the

tion (13) yields an additional contr_lbutlon to the_ effectlve. bare electron at the Fermi level as the Fermi level rises in the
mass from the first order perturbation term that is absent iR and

Eg. (8), however that term is generally found to be smll.
Consequently the considerations made above for the lowest
band still apply. The pseudo-wave-functiofimear combi-
nation of orthogonalized plane wayeagive a smooth charge
distribution in the interstitial regions near the bottom of the When an electric potential difference is applied to a metal,
bandZ© as free electrons do. Finally, quite generally it is true€lectric current flows from the higher to the lower potential
that the effective mass is positive, hence closer to the fregide of the metal. However, the behavior is very different for
electron value, near the bottom of a band, and negativeelectrons near the bottom and near the top of the band. The
hence more different from the free electron value, near th€hange in velocity of an electron upon application of an elec-
top of a band. tric field E is

B. Conduction of electricity
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1 E. Summary

AG = —eE 18
v=-ceEr (18

In summary, we have discussed in this section various
observable manifestations of the physical difference between
. _ o electrons at the bottom and at the top of electronic ener
b_and _havem >0 a_nd hence change their V?'Q_C'ty in the bands, which arise due to the eIectror?—ion interaction. Ele?:)—/
d|rect|onathat contributes to the flow of electricifye., op- trons near the bottom of the band resemble free electrons
posite toE sincee<0); instead, electrons in the upper half of with a nearly uniform charge density, and are largely unaf-
the band change their velocity in direction that opposes thgected by the presence of the discrete ionic lattice potential.
flow of electric current, and as the band becomes filled thgyhen perturbed by external probes they respond very much
two contributions exactly cancel and zero current resultsjike free electrons. Instead, electrons near the top of energy
Hence the dressing of the antibonding electron by theyands (antibonding electronshave a wave function that
electron-ion potential causes it to oppose, rather than contrilzhanges rapidly over interatomic distances as shown in Fig.
ute, to the conduction of electricity as a free electron would2, are tightly coupled to the discrete ionic lattice, and their

charge density is very nonuniform and hence different from
C. Optical conductivity the free electron case. The antibonding electrons are strongly

The integrated optical conductivity fromtrabandtransi- dressed by the electron-ion interaction. When perturbed by

tions, when the Fermi level is close to the bottom of the€Xt€mal probes, this tight coupling between antibonding
band, is given by electrons and positive ionic charge causes them to respond

very differently from free electrons.
2 n
dwo(w) = — (19

7€ J intraband m VI. DRESSING FROM ELECTRON-ELECTRON
INTERACTIONS

with 7 the collision time. Electrons in the lower half of the

with n, the number of electrons in the band. Hence electrons

near the bottom of the band each contribute a positive In previous work we have discussed the different effect of
amount to the low frequency optical conductivity, which is the electron-electron interaction for electrons at the bottom
close to the contribution of a free electronnif is close to  and the top of bands? Just as the electron-ion interaction
m.. Instead, when the Fermi level is close to the top of thediscussed in the preceding sections, we showed that the

band the integrated intraband optical conductivity is electron-electron interaction increasingly dresses the quasi-
particle as the Fermi level goes up in the band. Dressing due
2 Ny _2-ne (20) to the electron-electron interaction does not change the sign

dwo(w) = W =

| *

of the effective mass but increases its magnitude. It also

causes another effect that goes beyond single-particle phys-
and each antibonding electron added to the nearly full bangs it reduces the quasiparticle weight in the single particle

decreasesather than increases the intraband Optical CondUCSpectra| function and gives rise to incoherent spectra| We|ght
tivity. The difference between the Drude weight £49) and  at higher energies. For the optical conductivibgth the

the Drude weight that would arise from free electraném.,  dressing from electron-ion and from electron-electron inter-

also quantifies the amount of dressing, and this differencction cause spectral weight to be pushed up from the low-
increases as the Fermi level rises from the bottom to the toequency intraband range to higher frequencies.

e intraband

of the band. The global conductivity sum rule In summary, both the electron-ion and the electron-
o (= n electron interaction cause electrons in a metal to become

—ZJ dwoy(w) = — (21 dressed, i.e., different from free electrons. The dressing from
™€ Jo Me both of these sources becomes increasingly important as the

L o I Fermi level goes up in the band, and is largest when the
implies that this missing spectral weight is transferred fromFerrni level is close to the top of the band. We adopt then as

low intraband frequencies to high interband frequencies dug basic principlehigher concentration of electrons in a band
to the electron-ion interaction. P piehig

leads to higher dressing of the quasiparticles at the Fermi

D. Hall effect energy

As a final physical manifestation of the difference be-_ VIl. SUPERCONDUCTIVITY FROM UNDRESSING
tween electrons at the bottom and at the top of electronic

energy bands we mention the Hall effétElectrons near the When the Fermi level is close to the top of the band, the

bottom of the band respond to crossed electric and magnetarriers at the Fermi energy, antibonding electrons, are most
fields as free electrons would, namely they traverse cyclotrohighly dressed. Furthermore, the kinetic energy of electrons
orbits in the direction consistent with the negative charge ofit the Fermi energy is highest, and they do not benefit from

the free electron. Instead, the strong dressing of the free elethe crystal ionic potential because their charge density in the
tron by the electron-ion potential for electrons near the top ofegion between ions is small. If these electrons were able to
the band causes them to respond as if they had a charge ofcupy states that are lower in the band their energy would
opposite sign, reflecting the positive charge of the ionic latbe lowered. However, those lower states are occupied by
tice that dresses them. other electrongbonding electronsand the Pauli principle
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/@\@/ antibonding electrons (1) Hall effect As discussed earlier, the Hall coefficient
A= is negative for electrons near the bottom of the band that are

{isssing fron{e-ion ' dressing from c-¢ undressed from the electron-ion interaction and is positive
‘BB A for electrons near the top of the band that are dressed by the
condensale electron-ion interaction. Hence undressing from the electron-

FIG. 3. As the Fermi level rises in a band, electrons at the Ferm|" interaction should be signaled by a change in sign of the

energy become dressed due to electron-electron interactions whiiﬂag COfoIC;fI’]t frotr1n positive todneg.at.lve_. Indeed_, erréplrlpﬁl
modify the free particle spectral functidas shown schematically evidence shows that superconductivity Is associated with a

on the right-hand side of the figureand due to electron-ion inter- positive Hall coefficient in the normal state in the vast ma-

actions which modify the free-electron wave functias shown on JOrity of cases;**®indicating that the carriers at the Fermi

the left-hand side of the figurePairing effectively lowers the po- €nergy are dressed antibonding electrons. Furthermore, it is

sition of the Fermi level and causes the carriers at the Fermi energipund in both highT. (Ref. 16 and low T, materials(Ref.

to undress and become free-electron-like. 17) that the Hall coefficient changes its sign from positive to
negative at temperatures slightly beldw, which indicates

prevents other fermions from occupying those states. In thehat carriers change from holelike to electronlike.

absence of electron—e!ectron interactions, the antibonding (2) Bernoulli potential Because the superfluid carriers

electrons have no choice but to remain in the unfavorablg, ,perconductors carry kinetic energy one expects that an

antibonding states, and to pay the high price in both kinetiGecyric field should exist in regions where there is a spatial

and potential energy in doing so. . . . . :
g . variation of the superfluid velocity, according to the relation
However, electrons do interact with each other, and states P Y g

at the Fermi energy can be modified by electronic correla- .
tions. When the Fermi level is close to the top of the band, E=
pairing of holes leads locally to a higher hole concentration,

hence to a lower electron concentration. According to theSrhis was first discussed bv London for a free electron
basic principle enunciated above, this should lead to undress- 18 ; y -ona .
odel;® and the resulting potential is termed Bernoulli po-

ing of carriers at the Fermi energy. Since both the dressin . . . o
by electron-electron and by electron-ion interactions increasiential- As discussed by Adkins and Waldrafwithin BCS

with band filling, a local decrease in band filling should leadN€0rY the sign of the effect should correspond to the sign of
to undressing from both the electron-electron and thdhe che_lrge carriers in the normal state. Experiments to mea-
electron-ion interactions, as shown schematically in Fig. 3. Asure this effect have been performed with samples of Pb, Nb,
Cooper pair behaves as a boson rather than a fermion, ar&pm, and Ta, and in all cases the sign of the effect measured
these arguments indicate that the members of a Cooper pdlprresponds to the superfluid carriers havinggative
will bear a closer resemblance to free undressed electrorgharge?®-?2Note that the Hall coefficient in the normal state
than the unpaired antibonding electrons. is positivefor all these cases. Furthermore the magnitude of
The phenomenology of undressing from the electronthe effect measured is consistent with the mass in(E8).
electron interaction is described mathematically by dynamideing thefree-electron-mas®
Hubbard modefsand by their low energy effective counter-  (3) Rotating superconductor: A superconducting body
part, the Hubbard model with correlated hoppinthe qua-  rotating with angular velocitys develops a uniform mag-

-1
Vzmevg. (23

DIl

siparticle weight is given by netic field in its interio”3 This can be understood as follows:
n.\2 as the ions start rotating, a time-dependent magnetic field is
z(ng) = (1 -(1 —S)f) (22)  generated which in turn induces an azimuthal electric field

according to Faraday’s law

with 0=n,<2 andS<1 a parameter that depends on the

nature of the iort. The _e_ffective mass is gi\{en by’ ng-JI:—}E B.ds (24)

=m/z(ny). As the band fillingn, decreasesz(n,) increases cdt

andm’ decreases. . e . L
Experimentally, undressing from electron-electron inter-SO that if the magnetic field is uniform the electric field at

action is seen as an increase in the coherent response Rsitionr from the axis of rotation is

photoemission experimentéreflecting increase in the qua- .
siparticle weight, and transfer of optical spectral weight from E= ir* v d_B (25)
high to low frequencies, reflecting decrease in the quasipar- 2c dt’

ticle mass and decrease in the kinetic enéfdy. the follow-
ing we discuss experimental evidence for undressing fronNow semiclassical transport theory relates the electric field
the electron-ion interaction upon onset of superconductivityto the time derivative of the wave vector of the carrier

VIIl. UNDRESSING FROM THE ELECTRON-ION dk N
INTERACTION a =eE (26)
There are several experiments that indicate that in the
transition to superconductivity undressing from the electronwhile the time derivative of the velocity of the carrier is

ion interaction also takes place. given by (for an isotropic case
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dv dflde\ 1 _dk
—=—|-—=|==h, (27)
dt dt\Agk/ m dt

so that
do - dB
W_CE-_% i ® (29)

= —F X —
dd m 2mc dt

In steady state the superfluid in the interior rotates together
with the latticé® so thaty = X I’ and from integration of Eq.
(28),

e >

—B. 29
2mc (29 FIG. 4. Experimental proof that electrons undress from the

f1h flui . he el . _electron-ion interaction when they become superconducting. The
If the superfluid carriers were dressed by the e eCtI'On"or?nagnitudeof the magnetic field generated in a rotating supercon-

interaction the effective mass in E9) would be dependent  y,ctor Eq.(30) reflects relative motion of superfiuid electrons with

on the particular material and in particulBr would point  bare massm.. The sign of the magnetic field generated reflects

antiparallel tow if the carriers are holelike. Instead, it is slowing down of superfluidhegativecharge.

found experimentally that for all superconductors where it

has been measureghcluding highT. cuprates and heavy for hand electrons as well as for free electrons. The kinetic

fermion materialz* energy associated with a spatial variation of the wave func-
2me . tion in a region of linear dimension is

w=-

B=-"5 (30)
e
h2
with m, the free-electron massThe fact that the magnetic T~ TNE” (31
field always points parallel and never antiparallel to the an- MeA

gular velocity indicates that the superfluid carriers have
negativecharge. The fact that the magnitude of the magnetia can be thought of as the wavelength of the electronic wave
field is given by Eq(30) for all materials, withm, thebare  function in ak-space picture, or equivalently as the linear
electron mass, indicates that the carriers in the supercondualimension of the region occupied by each electron, i.e., the
ing state are undressed free electrons. This means that theéean distance between electrons, in a real space picture. In a
dressed carriers at the top of the Fermi distribution in thefree-electron model)\~k;l. For a single electron in an
band depicted in Fig. 3, with antibonding wave function thatempty band\ in Eq. (31) is the linear dimension of the
knows about the discrete ionic potential, condense to theample. As more electrons are added to a band the wave-
bottom of the Fermi distribution with a smooth long wave- length of the electronic wave function decreases, or equiva-
length wave function that is insensitive to the short wave-ently the size of the region occupied by each electron de-
length ionic potential. Physically the magnetic field E80)  creases and the wave function becomes more spatially
arises because the negative electrons near the surface of tenfined, which leads to an increase of kinetic energy. To the
superconductor lag behind and rotate at slightly smaller anextent that superconductivity is associated with kinetic en-
gular velocity than the body, as shown schematically in Figergy lowerind®2¢it is natural to expect that this will occur
4. when the electrons at the Fermi level have highest kinetic
(4) Gyromagnetic effect: A related effect occurs if a energy in the normal state, which corresponds to the case of
magnetic field is suddenly applied to a superconductor aan almost full band, which also corresponds to the smallest
rest. The supercurrent that develops to nullify the magnetigpatial extent of the electronic wave function, witlof order
field in the interior(Meissner effegtcarries angular momen- the interatomic spacing. If the kinetic energy Eq(31) de-
tum, and for the total angular momentum of the superconcreases as the system goes superconducting it implies that
ducting body to be unchanged the body must start rotatinghe wavelength of the electronic wave function increases so
with angular momentum in the opposite direction. If the su-that it no longer sees the short wavelength ionic potential and
perfluid carriers have negative charge, the body will starbecomes free-electron-like, andn Eq. (31) becomes again
rotating with angular velocity antiparallel to the applied field, the linear macroscopic dimension of the sample, as for the

which is indeed what is observés. empty band.
We can also understand the origin of diamagnetism in
IX. KINETIC ENERGY LOWERING, WAVELENGTH superconductors from this point of view. The_ diamagnetic
EXPANSION, AND PHASE COHERENCE response of a normal metdlandau diamagnetishtan be

understood as arising from induced Ampere circular currents
An effect associated with having an increasing number obf radius given byr ~)\~k;1, the interelectronic spacing or
electrons in a band is of course an increase in the kinetiequivalently the wavelength of the electronic wave function.
energy of the electrons at the Fermi energy. This is true botin a free-electron model
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XLandau™ — %XPauIi: - % Még(fp) (32) Kronig.3! He proposed that electronfelectron interaction ef-

fects would dominate over electron-ion effects, and that the

with ug=efi/2mg the Bohr magneton and(er)=3n/2er  jonic lattice should be replaced by a continuum positive

the density of states, with the number of electrons per unit background for the description of superconductivity. In the
volume. The Larmor diamagnetic response fro@toms per  review by Smith and Wilhel#? it is also stated that the su-

unit volume is perconducting electrons, in order to move freely, may expe-
en rience some binding with the lattice as a whole rather than

XLarmor= — 2<r2> (33) with particular atoms. Note how different this is to BCS
6mec theory, where coupling of electrons not only to the discrete

with (r2) the spatial extent of the electronic wave function. ions but even to their deviation from equilibrium position is

Equations(32) and(33) are the same fofr2)=3/(2k3) ~\2 ~ deemed essential. .
V\?hen theS(mgtaI (()es) su erconductino“th>e Me(zissFr)ler currents (3) Brillouin®* postulated that the energy versueslation
extend over thegentire sam le. and gthe wavelengthe- IN superconductors may show secondary mininear the

sample, al . Brillouin zone boundaryin a band where the minimum is at
comesR, the macroscopic dimension of the sample. Usin

Eq. (33) for the atomic susceptibility yields perfect diamag_g:)heeSzeonnseitic\:/eenttgrsa(\:r;ctitg:;tgeIectrons in those states would not

! > -~
netism wherir?) becomes macroscopi¢ Hence we can in (4) Schafroti* proposed that electrons at the top of the

terpret th? change_ from Landau diamagnetic response ®ermi distribution would pair into a resonant statenefga-

London diamagnetic response as a wavelength expansiqpe pinging energy, however such that their combined en-
from A ~ke ~a.(a_:|a.tt|cg Sp.ac”?g for the elect_rlor)s at the ergy would be less than twice the Fermi energy of single
top of the Fermi dlstr.|but|.on in Fig. 3 th~R~K™, i.e., the articles, so they would not be able to break up into single
bottom of the band in Fig. 3 where the free-electron St""tegarticles due to the Pauli principle. This idea obviously re-
are. quires that the Fermi level be high in the band, or at the very

_Furthermore the concept of wavelength expansion Proeagt ot near the bottom of the band. It also foreshadows the
vides a qualitative understanding of the phase coherence Ebncept of kinetic energy driven pairing.

;uperconductors. The carriers near the_top of the band, hav- (5) Bardeen in early woi® suggested that superconduct-
ing wavelength of order of a lattice spacing, undergo of Ordefng electrons would have a much smaller effective mass than

10° changes in the sign of their phase from one _end_t_o th?lormal electrons. However he abandoned this concept in
other of a macroscopic sample of size 1 cm. It is intuitively BCS theory.

clear that maintaining phase coherence of such a rapidly os-

N . . - . (6) Meissner wondered whether superconductivity is car-
cillating wave is impossible. As the antibonding electrons a

. Yied by the same electrons that carry the normal state current
the top of the band gondense into tke 0 state at the bot- or by different ones® He favored the latter alternative, based

tom of the banq their wave[ength becomes th? size of th n the observation that atoms with only one valence electron
sample and their phase maintains the same sign across tBfqige a closed shell do not form superconductors. This is in

{nacrosc;oplhc samplre]: dimension, thus allowing flor tf:re] ex'slé reement with the ideas discussed here, since the antibond-
ence of phase cohérence Over macroscopic length sca electrons do not carry electric current in the normal state,

which is the hallmark of superconductivity. in fact they do precisely the opposite.

Finally if we interpret\ ~ k,":l as the size of the electronic (7) Londor?” pointed out that diamagnetism could be un-
wave fu_nct|on, the fact that .'t expand; and reachgs thﬁerstood if electrons in superconductors behave as electrons
boundaries OT Fhe macroscopic Samp"? in the transition g, giant atoms. A natural extension of London’s idea is that
supercon.duct.lwty suggests that negatlve charge will fIOWthe charge distribution in superconductors will also be inho-
from the interior towards the boundaries of the sample as thﬁweogeneous as in real atoms, with more positive charge near
normal metal becomes superconductifg. the center and more negative charge near the boundégfies.

X. HISTORICAL PRECEDENTS Xl. THE CUPRATES, CONVENTIONAL

. SUPERCONDUCTORS, AND THE PAIRING MECHANISM
There were many attempts to understand superconductiv-

ity before BCS theory. Some of these early attempts focused It is generally agreed that conventional superconductors
on physics closely related to what we discuss in this paperare described by BCS-electron-phonon theory, and that an

(1) The idea that superconductivity would occur only unconventional mechanism applies to the cuprates. There is
when the normal state carriers are holes, i.e., when the bamb general agreement on which is the right mechanism for
is almost full, was discussed in early theoretical work bythe cuprates, with proposals ranging from purely electronic
Papapetrod? He argued that electrons at the top of the Fermito magnetic to electron-phonon interactions of unconven-
distribution would become metastable if the Fermi level wastional type3®3° However the considerations in this paper
close to a zone boundary. That the band should be almost fuhould apply to all superconductors, conventional or other-
was also deemed to be essential in the theory of Born andise, because they relate to fundamental aspects of the band
Cheng?® theory of solids.

(2) The idea that the superconducting electrons are not The predominance of hole carriers in the normal state of
sensitive to the discrete ionic potential was discussed bgonventional and unconventional superconductors has been
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pointed out repeatedly elsewhéfe->2°304¢For the cuprates,

PHYSICAL REVIEW B 71, 104522(2005

TABLE |. Different properties of the carriers at the Fermi en-

we have proposed that the hole carriers of interest are thosgy when the Fermi level is near the bottémonding electronand
at the top of the band formed by overlap of planar oxygemear the top of the ban@ntibonding electron

p orbitals pointing in direction perpendicular to the Cu-O :
bond#! For MgB,, the holes in the nearly full bands formed Bonding electron
by overlap of planar boropo orbitals are generally believed at the Fermi energy

Antibonding electron
at the Fermi energy

to be the dominant carriers driving superconductivity, andUndressed
there are also electronlike carriers at the Fermi level from .
other bandé2 Calculations for a two-band model, one with -OW kinetic energy
holelike and one with electronlike carriers at the Fermilong wavelength
energy'! yield results for tunneling characteristics that re- Small effective mass
semble experimental observations in MgRiith hole (elec-  Uniform charge density
tron) carriers giving rise to a largésmal) gap® For  Moves in direction of force
elegtron—doped cuprates, the existence of_hole carriers in th€nducts electricity
regime Wher_e they become superconducting has been estabs . ibutes to Drude weight
lished experimentallft Detached from lattice

We do not address here the question whether specific o _
mechanisms unrelated to the physics discussed here play bf'9¢ duasiparticle weight
do not play a role in different classes of materials. Howevefcoherent conduction
the following two points necessitate discussion: first, is itLarge Drude weight
possiblethat undressing is the driving force for superconduc-Negative Hall coefficient
tivity in any or in all materials? We have shown elsewheregood metals
that within a class of modelgdynamic Hubbard models  gapie lattices
pairing leads to lowering of kinetic energy and that as 80ns attract each other
consequence the low temperature phase is superconducti
in the absence of electron-phonon interactibfhat the same
time in these models pairing gives rise to increased quasipal\ormal metals

ncgérriers repel each other

Dressed
High kinetic energy
Short wavelength
Large effective mass
Nonuniform charge density
Moves opposite to force
Anticonducts electricity
Anticontributes to Drude weight
Transfers momentum to lattice
Small quasiparticle weight
Incoherent conduction
Small Drude weight
Positive Hall coefficient
Bad metals
Unstable lattices
lons repel each other
Carriers attract each other
Superconductors

ticle weight and transfer of optical spectral weight from high
to low frequencie$.Hence at least in these models pairing
and superconductivity may be said to be driven by quasipar®
ticle undressing. Instead, in other models with different pair
ing mechanisms undressing may bec@nsequenc®f the
transition to superconductivity. The physics that is reflecte
in dynamic Hubbard models is not specific to one class o
materials but is generic to electrons and ions in solids a
discussed in Ref. 1.

letely undress from the electron-ion interaction and respond
to perturbations as if they had the free electron mass. How-
ever the two points of view can be reconciled if one inter-
Prets the superfluid weiglnt/ m’ asngff/me and adscribes its
gnhancement by larger ionic zero-point motion to an en-
hancement of the effective superfluid densify.

Table | summarizes the different properties of electrons at

Second, the electron-phonon interaction is known to lead® Fermi energy when the Fermi level is near the bottom

to an isotope effect iff, in most conventional materidks
and to an isotope effect on the London penetration depth i
the cuprate® How can this be related to the physics dis-

and near the top of the band and some resulting properties of
the solid. Within conventional BCS-electron-phonon theory,
these properties do not play an important role in supercon-

cussed here? First it is clear that the electron-phonon intefUctivity, and superconductivity can occur with either bond-

action generally will modify electronic-related properties,
e.g., band gaps, due to ionic zero-point mottérzor dy-

ing or antibonding electrons at the Fermi energy. Instead,
independent of what role the electron-phonon interaction

namic Hubbard models we have shown that the ionic zeroMay Play in superconductivity we propose that only when a
point motion leads to enhancement of the correlated hoppin@O“d has at least some carriers with the characteristics listed

term in the Hamiltonian and as a consequence to a positivi'
isotope shift inT..*® Now the London penetration depth can
be written as

the right-hand column can superconductivity occur, and
that when it does the normal state carriers of the right-hand
column adopt characteristics of the carriers in the left-hand

column. In simple and noble metals and any other metal

1 _4mng? (34
N ome?

Note that only the combination/m" enters this expression,
with ng the density of superfluid carriers amd the super-
fluid carrier’s effective mass. Within the dynamic Hubbard

model Hamiltonian, a reduction ixy would be expected due
to lowering of the pair effective mass caused by ionic zero-

where only carriers of the type described by the left-hand
column exist at the Fermi energy superconductivity would
not occur according to our theory, no matter how strong the
electron-phonon interaction.

XIl. DISCUSSION

In this paper we have continued our analysis of the dif-

point motion#®4% This may appear to be incompatible with ferences between electrons and holes in energy bands and its
the argument in this paper that the superfluid carriers comimplications for the understanding of superconductivity. Our
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earlier work=5 centered on the differences between electronshe top of the band in the normal state, which raises their
and holes arising from the electron-electron interaction. Her&inetic energy, and of their deconfinement upon the transi-
we have focused on the even more basic aspects of electrofion to the superconducting state, which lowers their kinetic
hole asymmetry that arise from the electron-ion interaction.energy. This is especially clear when one considers the low-

It is interesting that the effects of electron-electron inter-est band in a solid within the weak electron-ion approxima-
action and electron-ion interaction related to eIectron—hoI§ion but should also apply more generally. The wavelength

asymmetry are qualitatively similar. Both effects lead to : .
spectral weight transfer from low frequencies to high fre.Of electrons at the bottom of the band is macroscopic and

quencies as the carriers evolve from electronlike to holelik®€comes gradually smaller as the Fermi level rises, finally
as the Fermi level rises in the band. Both effects lead to #€ing of the order of the lattice spacing for the Fermi level

decrease in the electrical conductivity per carrier as théear the top of the band. The wave function deconfines and
Fermi level rises, electron-electron interactions because thdée wavelength goes from microscopic to macroscopic as the
carriers become heavier, and electron-ion interaction becausatibonding electrons at the Fermi energy condense into the
Bragg scattering causes the antibonding electrons to move i~ 0 superconducting state. In metals where the wavelength
direction opposite to the applied force. Fundamentally, botfpf electrons at the Fermi energy is large in the normal state

rises in the band, where we define dressing loosely as whakst

makes the quasiparticle different from the bare particle, the

freﬁ 3';2;%“ imoairs the electrical conductivity. and if su. CIES are fixed objects that develop special correlations when
g 1mp % the transition to superconductivity occurs but do not change

perconductors are perfect conductors of electricity, it is natuz, ~. "~ % " : :
ral to conclude that superconductivity must be associatea;e'r Intrinsic nature. Qur previous work on undressing from
e electron-electron interaction instead had proposed that

with undressing. The fact that pairing of hole carriers effec- S N . : .
tively shifts the Fermi level to a region lower in the band quasiparticles do change intrinsic properties, their quasipar-

where the carriers are less dressed supports this point '

In the conventional BCS-Fermi liquid theory quasiparti-

dele weight and the magnitude of their effective mass, when

view. Furthermore it is natural to conclude in view of thesefN€ transition to superconductivity occtirsiere we have
considerations that undressing will affect both the dressingrgued that this change in intrinsic properties is even more
originating in the electron-electron interaction and that origi-fadical: quasiparticles also change #ign of their effective
nating in the electron-ion interaction. Experiments supporinass from negative to positive and their wavelength from
this interpretation. microscopic to macroscopic, when they condense into the

What is however not obvious is that carriers will undresssuperconducting state.
completelywhen the transition to superconductivity takes Note that in ordinary Bose condensation for pointlike
place, and respond as if they had the bare mass and the bdyesons the phase transition as function of increasing density
charge of the free electron, as the experimental evidence ireccurs when the interparticle distance becomes comparable
dicates. The dynamic Hubbard mode#s well as the Hub- to the boson de Broglie wavelength. Analogously here, the
bard model with correlated hoppihgredict that the hopping onset of superconductivity as function of increasing band
amplitude increases upon pairing, hence the effective masstcupation occurs when the Fermi level is high enough in
decreases, but thego not predict that the effective mass the band such that the de Broglie wavelength of electrons at
becomes the free-electron mass. Furthermore the magnitudlee Fermi level becomes comparable to ifieratomicdis-
of effective mass decrease predicted by the models depentince. As in ordinary Bose condensation, the transition is to a
on parameters in the models and on band filling. state with macroscopic de Broglie wavelengfth.

The superfluid electrons in the superconducting state have In ordinary metals, charge inhomogeneity occurs at the
a wave function that extends coherently over the macrolevel of a single unit cell. If the superfluid electrons do not
scopic dimensions of the sample. As a consequence they raee the discrete ionic lattice, the unit cell becomes the entire
longer see the discrete nature of the electron-ion potentislample and consequently charge inhomogeneity can occur at
that varies over microscopic scales, instead they see an aa-macroscopic level in superconductors. Just as in the metal-
erage smooth background of positive charge. In other worddic unit cell bonding electrons lower their kinetic energy by
the wave function is smooth over interatomic distance scalesxpanding their wave function from one atom to its neighbor,
the carriers have undressed from the electron-ion potentiah the superconductor to lower the kinetic energy the elec-
and they can no longer transfer momentum to the ionic lattronic wave function will expand towards the outer bound-
tice. For this scenario to be possible, electrons at the Fernairies of the sample. Indeed, as discussed in other &g®pk
energy must pair, as it is the pairing that gives rise to superwe expect superfluid electrons to have a tendency to go near
conductivity and to undressing and allows the electrons tdhe surface of the sample, giving rise to an excess of negative
circumvent the Pauli principle. Beyond the pairing correla-charge in that region and to experimentally observable
tions, superfluid electrons will resemble free electrons in aonsequence¥:>3 Furthermore we suggest that this expan-
smooth positive background, a “Thomson atofn .” sion of the electronic wave function to the boundary of the

The point of view discussed here also highlights the im-macroscopic unit cell and beyond is likely to be relevant to
portant role of the electronic confinement of electrons neathe understanding of the superconducting proximity effect.
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