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Abstract

We critically examine the non-Fermi liquid (NFL) bef@mvobserved in heavy fermion systems located close rrtagnetic
instability and suggest a conceptual advance in physiosdier to explain its origin. We argue that the treatmémdextronic
states responsible for magnetism near the QuantuneaCiftoint (QCP), cannot be accomplished using the presgntheory
treating electronic exchanges within the quantum mecharminalafism; instead new ideas need to be introduced while
treating these electronic states. The observed NFL mh@an be explained within such a scenario. As a sequattempt to
discuss its consequences for the explanation of higsuperconductivity observed in Cuprates.
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I. INTRODUCTION

NFL behavior is observed in heavy fermion systems whersystem is tuned towards a magnetic instabilitysnas the QCP
[1, 2]. Far away from QCP (but close to 0 K) one obsena@mal Fermi liquid behavior as expected for metalsamdau [3].
Landau’s Fermi liquid theory is remarkably successfubxplaining the low temperature behavior of paramagneta/m
fermion systems despite the strength of electronic kedioes being as large as 6-7 eV when described witlgnAtiderson
model [4]. A big question is: What causes the breakdown oflda's Fermi liquid theory close to the QCP while maéns
valid for various ground states far away from it. Thés ibeen a long standing problem within the scientifimmunity and
extensive experimental and theoretical investigatioage been performed in order to shed light on it. Mangréieal
progresses have been made in order to explain NFL belagianodels based on multichannel Kondo effect, modelsl lmase
QCP, models based on disorder etc. [1, 2]. Despite thersa study, a consensus over the origin of NFL behhgi®not been
reached yet.

In this paper, we propose a conceptual advance in phygitghe treatment of electronic states close t6xGE. Our picture
is based on certain overlooked issues in quantum mechahick led to improper theoretical treatment of ‘magnettates
close to the QCP. These issues, when considered yreapihin the observed NFL behavior.

Il. RESULTSAND DISCUSSION

In order to illustrate our point, we take recoursenm gingle ion Kondo problem [5]. Let us assume a tworelecystem: a
‘magnetic’ 4 electron and an itinerant valence electron. The growatd &ir the single ion Kondo problem is the non-magneti
Kondo singlet state represented!by! )11 This quantum mechanical state describes indistinguispabtieles as is evident
from its exchange symmetry. In this state tfieeléctronic degrees of freedom have to be included irFénmi volume and
hence the flelectrons are fermions just like the valence elestrdermionic and bosonic wave functions necessagidno
obey certain exchange symmetries as demanded by quantdnthieky). Since this is a singlet state it has nonmagnetic
moment. The flelectron’s magnetic moment has been compensates &gtitferromagnetic coupling to the spins of the weden
electrons. A question is: How to describe the two sbacttate at higher temperatures. At high tempemstilve 4 electrons
recover their localized magnetic moments and hendéeglet description is definitely not appropriate. Withire tpresent-day
guantum mechanical formalism, the low to high tempeeatiamnsition in single ion Kondo systems can be mod®gjeal singlet
to triplet transition wherein the high temperature sigatbe triplet state which has a magnetic moment]J[6Such a treatment
might explain the recovery off 4nagnetic moment at high temperatures. However withih sutreatment thefZelectrons
continue to remain as ‘fermions’ (indistinguishable ipbe$) even at higher temperatures on account of thesmtum
mechanical spin triplet description (obeying fermionic exade symmetry) thereby participating in the Fermi volume.
Therefore, within this picture, the Fermi volume cartitinge with temperature.

In case of a Kondo lattice, Kondo phenomenon can be leth@des the coherent screening of the periodlieldctrons by
valence electrons creating a coherent Kondo state lileveoherence temperaturenI[8, 9]. The development of Kondo
coherence leads to the loss of magnetic momentsedbdalized # electrons at low temperatures. The temperature dependen
large-small Fermi surface transition in Kondo lattice a long standing problem in the community. ItéBdved that the Fermi
surface in Kondo systems should expand belgyyif order to incorporatef&lectronic degrees of freedom into it as a result of
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the Kondo coherence [10-12]. At high temperatures tmmiFsurface remains small since the Kondo cohertaé $s not yet
established and thd électrons are localized; hence they are excluded fhenférmi volume. Experimental evidence for such
an expansion has been obtained in the de Haas van Afptpmriments performed on many Kondo lattices at very low
temperatures [13]. These results have been successtaligreted by considering thé dlectronic states as being a part of the
Fermi volume and hence demonstrate the expanded chavhtter Fermi surface. The question is how the largalsiermi
surface transition should be modeled theoretically? &laee few approaches based on dynamical mean fieldyt{i@bt+T)
which have attempted to model the large-small Fernfiasarrtransition in Celrin[14, 15]. In this paper, we present an elegant
conceptual picture to model this Fermi surface traorsifivVe provide conditions under which electrons can/camtteated as
fermions.

Within the present-day quantum mechanical descriptionhef Kondo phenomenon, the Fermi surface topology would
undergo restructuring merely without any explicit expansiooesthe flelectrons remain as ‘fermions’ at all temperatusescé
they are always described in a state obeying the daimexchange symmetry at all temperatures) and hepeptrticipation
in the Fermi volume cannot vary with temperature;ca ifa contrast to experiments which have indeed demondtita¢darge-
small Fermi surface transition in Kondo lattices exthjicHence such a description of the Kondo phenomésdmappropriate.
Instead we propose a new scenario in order to explairethgerature dependent Kondo phenomenon. We claim that the high
temperature state in any Kondo model should not be @lesicais a quantum mechanical state demonstrating fermiothiareye
symmetry. For example, within the single ion Kondo nhiade high temperature state corresponding to a k@l electron
should not be described as a spin triplet state but rstioetid be described as a state liké » (or I*)1")vequivalently since both
states are degenerate in the absence of a magniefjc Tiee reason why fermionic exchange symmetry shoularédfien for
the high temperature state can be understood once westamdkbithe effect of exchange between two electronshein t
individual characteristics (see supplementary informasiection A). Thus this high temperature state cannot baskeange
symmetry as required for fermions and therefore doeseppesent a quantum mechanical state describing indistiradplies
particles. Instead, it is a state describing distingbighparticles wherein a particle exchange gives rigsertew state. Therefore
we claim that the f4electrons cannot be treated as ‘fermions’ at highp&atures. Therefore the transition from the state

Hiltv(or )l1) at high temperatures to a staital! )11 at low temperatures cannot be modeled within the ptetey
(quantum mechanical) theory of exchange mechanism amongekeetnd requires introduction of new principles intoée(s
supplementary information A and C for details). Withiisthew picture the large-small Fermi surface transittan be
explained naturally. The stalfe/l'»1)"vat low temperatures describes botladd valence electrons as fermions participating in
the Fermi volume that corresponds to a large Fermicinidile the staté /') (or I')") at high temperatures represents a
localized 4 electron which is excluded from the Fermi surfaceR#eni volume contains only the itinerant valence etecand
hence the Fermi surface is small.

This conceptual picture may be easily visualized by comgapatial extensions of wave functions for the lized 4 and
itinerant valence electrons. We argue that in ordearioelectronic system to be considered as a ‘fereiisgstem and treated
within the Landau’s Fermi liquid formalism, the spatiatidbution of the amplitudes of the wave functionsibthe constituent
electrons must be identical to each other. Alternataly can state that for a fermionic system the dpatidile of the wave
functions of all constituent electrons must be identicaach other. On the contrary whenf @léctron is localized then it does
not lead to such identical profile since the amplitudéfoélectronic wave function peaks in the region of locabmatnd
becomes negligible far away from it whereas the amg#i of valence electronic wave function continues tcsatially
uniform. Thus there is inconsistency between the dpatifiles of the wave functions of 4nd valence electrons giving rise to
‘distinguishability’ between them. Hence the localizééléctron cannot be treated as a fermion. This happéftndo systems
at high temperatures when thieedectron localizes. At low temperatures the spatiafilp of the 4 electronic wave function is
identical to that of the valence electronic wave fuorctiue to quantum entanglement. Hence they both becalisériguishable
and the #flelectron is therefore a fermion. A remarkable conserpienthis idea can be seen when tuning the grounel sta
Kondo lattices across QCP. When the Kondo ground stdiverned in case of paramagnetic Kondo lattices tieiFgurface is
large due to the occupancy dfelectrons in the Fermi volume. The valence bandagasboth fiand itinerant valence electrons
and the Fermi liquid theory holds for low energy excitatiohthe valence band since boftadd itinerant valence electrons are
fermions in this case. On the contrary when theldctron is completely localized in the magneticaligered ground state of
Kondo lattices then it cannot be treated as a ferragjust discussed above. In this case the Fermi volunmaigsmonly the
itinerant valence electrons excluding tHeskectrons (small Fermi surface). However, surpriginge Fermi liquid theory holds
true in this case too for the low energy valence baxuitations despite the €lectron not being a fermion. The explanation to
this mystery is that thef £lectrons being completely localized do not parti@pathe valence band and hence cannot contribute
to the low energy excitations of the valence band. [blheenergy excitations of the valence band result g itinerant
valence electrons which are fermions anyway andénErcmi liquid theory holds even within the magneticatigered phase at
low temperatures (It is to be noted that the applitalf Fermi liquid theory is always in the contextw@lence band in solids
since it is the valence band which influences the loargy excitations in solids. The ‘localized’ electratsnot contribute to
the valence band and therefore cannot influence therdewgg excitations in solids). When the system is tuoe@uitds QCP,
the degree of f4electron delocalization increases gradually until we @ggr close to QCP where we gaimparable
contribution from the flelectron and the itinerant valence electrons invétience band. Hence the low energy excitations of the
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valence band for systems close to QCP are influenmedyj by the 4 and itinerant valence electrons. Its effect on the
observation of Fermi liquid behavior from the valebead will be explained at the end of next paragraph.

There are two possible theoretical scenarios cuyrbetieved for explaining the nature dfelectrons in the vicinity of QCP.

In one case it is predicted that therdagnetic moments are completely screened due to the Keffetd at QCP and the
magnetic order results within the itinerant electron [§8s18] whereas the other scenario predicts that tlededtrons remain
localized even at QCP and the magnetic order resuttstiie localized electrons [19, 20]. All of these preditsi are made by
theoretical models within the quantum mechanical foismal Either of these two scenarios have a certaiouam of
experimental support hence the debate over which amongttih@szenarios prevail is still ongoing. We provideadically
new theoretical picture in this regard. We argue thaksihe 4 electron transforms from a fermion in the paramtgrgeound
state to a non-fermion (a distinguishable particle)tie magnetically ordered state through the QCP, theesmonding
theoretical description for the transformation carfstbbtained within the existing quantum mechanical frameWwandling
the exchange mechanism among electrons but requires neplesrto be introduced into it. In this context we arthe the 4
electrons maintain their partial localized charactemeat the QCP which forbids their description asviens’. Consequently
the valence electronic system close to QCP, contibith the partially localizedf4non-fermion) and itinerant valence
electrons (fermion), cannot be modeled within the Latsd&armi liquid formalism and hence NFL behavior emerdes
another explanation see Supplementary Information SeB)ion

Furthermore it is observed that the ground state clo€eCt® in many heavy fermion systems is superconductinghioh
the superconducting pairing mechanism is different fronventional phonon mediated. It is commonly believed that t
unconventional superconducting pairing mechanism is etéctito origin. The question is why such an unconvergigairing
mechanism is operative only close to QCP and not faydmm it? We attempt to explain this in the followingywlt is well
known that every electronic system has a tendendgrio a bosonic ground state in order to reduce its erg@nge bosons
can condense into the same state at low temperathergas the fermions cannot do so due to Pauli’s exolysinciple. It is
due to this tendency that superconducting ground statesraned in case of certain metallic systems. Howeverrmess a
suitable mechanism to form superconducting Cooper pairor{bpsout of electrons (fermions) in order to realibe t
superconducting ground state. We claim that the unconventpaidahg mechanism is a consequence of the fact tleat th
valence electrons for systems close to QCP areenatidnic in nature. Therefore the tendency to form amhiesground state
in the valence electronic system is supported in suchse and superconductivity emerges. Far away from Q@RIpse to
0K) the valence electrons are fermions and hencartbenventional pairing mechanism is not supported in swas@ Since
Fermi liquid theory does not hold close to QCP, quasi-g@astido not form and therefore it is possible thatitinerant valence
electrons find a glue to bind themselves together int€cmper pair. Analogous to the case of phonon mediated
superconductors where the glue is provided by the electrorophmupling which causes an effective attractive icteva
between two electrons giving rise to Cooper pairs [21, tP2],glue in case of heavy fermion superconductors seeims to
generated by the temperature dependent attractive inter&etiween #and itinerant valence electrorNete that Kondo effect
is an example of asymptotic freedom [23, 24] in condensed matter ih thieistrength of attractive coupling between 4f and
valence electron is temperature dependent. The strength of this couplirgpses with reducing temperature (see
Supplementary Information Section C). This coupling is a result of hybratizagtween 4f and valence electron. An effect of
such temperature dependent coupling is clearly visible in the photoemsgsctra as demonstrated in our earlier publication
[25] — effectively giving rise to an attractive interaatibetween two itinerant valence electrons bindingntlirgo a Cooper
pair.

We anticipate that a similar reasoning holds while erpigi the unconventional superconductivity observed in high T
Cuprate superconductors. Here too the metallic system abev&iperconducting transition temperature manifests dooma
behavior and therefore is called as a ‘strange mefdl; P7]. It is also believed that a QCP exists deep within the
superconducting dome. Therefore it is quite likely that uheonventional pairing mechanism in Cuprate superconductor
results from the fact that its valence electronicteysis not fermionic in nature similar to the casehehvy fermion
superconductors and hence unconventional superconductivitpporded in such a case. It is likely that the valemales
(electrons) in the hole (electron) doped Cuprate sopeiwtors have an attractive temperature dependent copsudting
from the hybridization between the valence statetaedocalized magnetic moment) with the localized magmsbment of
the Cu ion (in d electronic configuration) which gives rise to an efifee attractive interaction between two valencéeso
(electrons) producing Cooper pairs causing higlstperconductivityl a similar picture as we proposed for explaining heavy
fermion superconductivity.

I1l. CONCLUSIONS

In summary, we argue that the high temperature stateeirKondo model cannot be treated within the existingrthed
electronic exchange within the gquantum mechanical formaliastead we claim that the correct modeling of thed¢o
phenomenon would require the theory to be revised andagbdhing the lines as suggested in this manuscript. Thipicawe
easily explains the experimentally observed large-smathiFsurface transition. The strength of our proposate® from the
fact that we highlight certain overlooked issues in quantoechanics which led to inappropriate theoreticaltrireat of
electronic states subjected to different degrees ofitatian. The key conceptual advance provided by this nuaipass the
claim that not every electron qualifies to be callecdhidsrmion and can be modeled within Landau’s Fermididaimalism.
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Partially localized electrons alongside itinerant etstirtogether cannot be treated as a fermionic systenmence it displays
NFL behavior in its low energy excitation spectrum. Tum-fermionic nature of valence electronic systeoselto QCP
supports the tendency of the electronic system to forbos®nic superconducting ground state and hence unconventional
superconductivity is observed at QCP in heavy fermionesyst We project that a similar picture possibly holdstife
explanation of unconventional superconductivity observed im FigCuprate superconductors as well. We argue that the Cooper
pairing glue in case of heavy fermion or Cuprate supercooducesults from the existence of an attractive teaips
dependent coupling between valence states and the localizgteticamoment (resulting from the hybridization betwées
valence state and the localized magnetic moment)hwtdn give rise to an effective attractive interactietween two valence
electrons (or holes) forming Cooper pairs yielding ureotional superconductivity. We strongly believe that oanuscript
would definitely play an important foundational role for theire development of theoretical models addressirggtissues.
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SUPPLEMENTARY INFORMATION

A.Effect of an Electronic Exchange on Their Individual Charactistics

{Note that at the quantum level the word ‘identical’tihe has been coined for a class of particles whiske Isamilar physical

characteristics. E.g. any two electrons have sane inass, same bare charge, same intrinsic spin mom&htd) etc. Hence
any two electrons in the universe ‘apparently’ look id=itivith each other. As a result an exchange betweae ilentical
particles is not expected to give rise to a new electrstaie/configuration as against the case with tresidal particles. Hence
these ‘identical’ particles have been treated as indigishable particles as far as their statistical pr@segre concerned in
contrast to distinguishable classical particles. It is tuthis fact that their wave functions have to obey feniai exchange
symmetry which ensures that all physical attributgsesponding to their electronic state are invariant w@pparticle exchange.
This is our current understanding in basic physics. Timebstinguishable particles are called as fermiongpéuticles with half-
integral spin and bosons for particles with integral spmaccording to our current understanding if you take totren from
the conduction band and another one from a core levieleiise solid then the two electron wave function foth these
‘identical’ particles) will continue to obey the exchangmmetry as applicable for fermions. Exactly here {gént that such of
our prevalent understanding of basic physics is inaasufidte core electron is localized at a crystaldatsite while the
conduction electron is itinerant within the whole of #did. An exchange between them will give rise to cgueaces which
contradict the localized nature of the core levettete as explained in the following}.

All rights reserved bwww.ijirst.org 24



Origin of Non-Fermi Liquid Behavior in Heavy Fermi®ystems: A Conceptual View
(IDIRST/ Volume 4 / Issue 9 / 006)

Consider two electrons: electron#1 and electron#2. Supgpegeare in states A and B respectively. The feriiorave
function (for indistinguishability between both thesectlons) for their two electron statepigz, -2,/1. - In this state one can

see that electron#1 is in both states A and B simultetedue to the exchange symmetry as applicable to fermieene
functions. This also means that both the electroesmcboth the states simultaneously and hence their niiespéesulting
from the electronic states which they occupy) becateatical as typically expected for indistinguishable plagicHowever if
state A corresponds to a localized state and staterBsponds to an itinerant state and (assuming electrorsél lbcalized and
electron#2 to be itinerant) then we put electron#1 ite saand electron#2 in state B then the resulting twotrele state must
be represented by, 2. instead ofy,|2. —j2./3. SiNCe in the latter state electron#1 is both loedliand itinerant simultaneously

(similar conclusion holds for electron#2 also) whislhiniconsistent with fact that electron#1 is localized(gimilar conclusions
should be drawn for electron#2). Thus incorporating femmi@xchange symmetry into such a two electron stadsléo
unreasonable conclusions and hence we must conclude Hagréhé above two electron state cannot have the exchange
symmetry typical of fermions (i.e. indistinguishable m#et) in such cases. In essence we see that a dutrasl state
corresponding to a localized and an itinerant electronatehave the exchange symmetry typical of fermionsnaiogy, the

high temperature state of the single ion Kondo model/Kdattize model wherein fdelectrons get localized must also not
possess the fermionic exchange symmetry as is seé¢neftow temperature state (€g,,3.-.)(:)) and hence the localized 4

electrons at high temperatures must not be regardednaisris. Instead the high temperature state must beewats; ).y, (or
1)4/t)) Which is devoid of the fermionic exchange symmetry.

B.Origin of Non-Fermi Liquid Behavior in Heavy Fermion Systesn Another Explanation

Landau’s Fermi liquid theory claims that every manteln system will possess fermionic quasiparticles alvsenergy
excitations no matter however large is the strengtalesftron correlations amongst them. Hence everyretdc system will
have a Fermi liquid ground state according to Landau. Hawes@ent observations of non-Fermi liquid (NFL) bébaamong
many correlated electron systems have generated integsieyetowards sorting out its origin.

In this manuscript, we argue that Landau overlooked a fundalrisaue in quantum mechanics that an electronic system
must possess identical spatial profile of wave functioewafry constituent electron in order to model the edaatrsystem
within the Fermi liquid theory. Such an identical proélesures ‘indistinguishability’ amongst all the constitugettrons which
is a necessary condition for them to be treated asiiées’ obeying Fermi liquid theory. Such ‘indistinguishapilican be
realized in itinerant electron systems. These ‘fenglithen give rise to the Fermi liquid ground statgardless of the strength
of correlations (e.g. as in paramagnetic heavy fanmsigstems)In the context of condensed matter systems, this meaas th
the Fermi liquid theory is applicable for the itinerant ‘vahce’ electrons but not for the localized electrons. In ettwords,
itinerant ‘valence’ electrons are ‘fermions’. Localizedeztrons are not ‘fermions’

In the context of Kondo lattices, this idea gives riseetnarkable consequences: It is known that the grourel aftat Kondo
lattice possessing stable local magnetic momentnig lange magnetically ordered. Here, only the itinevalence electrons
are fermions which alone constitute the valence bavidgyrise to Fermi liquid behavior. Localized ‘magneélectrons are not
fermions and do not participate in the valence bandth@rother hand the Kondo screened ground state of a Katite lis
paramagnetic with all the localized ‘magnetic’ elen becoming itinerant due to their quantum entanglementiétitinerant
valence electrons. In this case, both the itinerafgnce electrons and ‘magnetic’ electrons are fermijgarticipating in the
valence band. When we tune the ground state of a Kartilmel towards the quantum critical point (QCP) fromrtiegnetically
ordered state (via variation of a control parameker themical/physical pressure, magnetic field eteg) gradually introduce
itinerancy in the localized ‘magnetic’ electrons.nSequently they start (after progressively moving cleséhe Fermi energy)
contributing to the valence band and affecting low gnghysical properties of compounds close to QCP. Howeeetlaim
that at QCP the Kondo screening process is not yeplate. Hence the ‘magnetic’ electrons possess péotialized character
even at QCP which disqualifies them to be called asifins. Consequently the valence band (containing botbraint
‘valence’ electrons and partially localized ‘magn'eéilectrons) cannot be modeled within Fermi liquid theangl hence NFL
behavior emerges at QCP.

C.Temperature Dependence of the Kondo Coupling

The Hamiltonian for an impurity local magnetic moméltcoupled to the conduction electran within the Kondo model is:
H=> gcl,c,-JSc
ko
wheregzi S ¢,0,,G is the conduction electron spin at the impuritg $0 are the Pauli matrices; N is the number of
N kK .,o0 7 7 7

sites)
&, — Conduction electron dispersion

C,'(ra, G, — Creation and annihilation operator for an electnith wave vectok and sping, respectively
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J — Kondo exchange coupling constadt< O for antiferromagnetic Kondo coupling between thallenoment and the
conduction electron spin)

{Note: Although the Kondo effect is known to be a mémwgly problem involving many electrons (¥3@lectrons/cr- typical
electron densities in metals) we attempt to illusttheedetails about the Kondo coupling using an example wbaetectron
system (consisting of a localized magnetic electmoth @ conduction electron) under the justification thah sletails can be
studied qualitatively using the two electron system. Tfexieof remaining electrons will only (at maximum) loerénormalize
the value of the Kondo couplingand will not change the qualitative characteristic3 e, e.g. its temperature dependence.
Asamatter of fact an exchange among electronsis by definition between two electrons. Hence our use of such two electron
system is well justified and is very helpful for illietional simplicity.}

The prevalent view within the scientific communitysasies] to be constant with temperature. However, we argue hkat t
value of J increases with decreasing temperature correspondirtgetancrease in the Kondo coupling strength at lower
temperatures. This can be understood qualitatively inoffenving way. It should be noted thais proportional to the exchange
integral (. between the two electrons which is a function ofrthave functions’ spatial distribution as well as theiutual
spatial separation (ref. http://en.wikipedia.org/wiki/Exchanggeraction). Specificallylex is inversely proportional to the
magnitude of their mutual spatial separation. As the temiyrer is lowered, due to the attractive interactionvéen the local
moment and the conduction electron, there is a tendentpth of them to stay close to each other in spiage reducing their
mutual spatial separation and thereby increasing the exchegeal J., between the two electrons. Consequently the value of
the Kondo exchange coupling increases too, at lower temperatures. According ¢ocilrrent belief all the temperature
dependent phenomenon in Kondo systems is a result ghtladion of the relative strengths of the energyesceelated to the
thermal fluctuations to that of various exchange energles (e.g. Kondo scale, RKKY scale etc.) inside thid.d4dowever, we
argue that the temperature causes changes in the valuafetting the properties of Kondo systems in additmthe usual
effects caused by the thermal fluctuations.

We argue thaf—0 as T-w andJ—-' as T»0 (J < 0 always for antiferromagnetic Kondo coupling(T) is a monotonic
function of temperature.

1) Exchange Symmetry and Fermionic Behavior
Assume the two electron system to represent a lodatiegnetic fielectron interacting with an itinerant valence &lat by the
Kondo interaction. At 0 K the system forms a stabd®-magnetic Kondo singlet state denoted |ty ) 1)t This state

actually corresponds td—- wherein full exchange between both the electrons adizegl. As a result we have full
indistinguishability between them (their wave functibaing antisymmetric with respect to a particle exchangs)the
magnitude of] decreases with increasing temperature, the exchangechbeboth the electrons becomes weaker concomitantly.
As a result we do not have full exchange between botkléoerons instead only a partial exchange is realizedebet the two
at non-zero finite temperatures. Consequently theyatréully indistinguishable between themselves but instieaygl should be
considered as partially indistinguishable (what we m@am partial exchange between the two electrons wiltléer in the
subsequent discussions). Thus we have a scenario in Weigxthange between the two electrons is temperatpendient.
The J—0 state at 7> corresponds to the local moment state in which bahetactrons become completely distinguishable.
The question is how to express the two electron statgeatnediate temperatureg® claim that an arbitrary temperature state
could in general be written a8y 1y -1 )t )e {It is important to note here that in the expiess;;y |y, -e?(1 )1}, |1}, and
) denotes ‘total’ wavefunctions for thé dnd valence electrons respectively i.e. spatial andpginof their wave functions
together and not just the spin parts of their wave funstas it might misleadingly look like}, wherein the sedderm in the
expression has acquired a phase factor different fronothié first term. Thus the weight of the second tefmciv exchanges
with the first term has reduced by a factor ofecas against the Kondo singlet state in which the setmntdexchanges with the
first term completely. Such a situation amounts to diglaexchange between both the electrons giving ris@aial
indistinguishability between them. Such a scenarimotibe captured within the (present-day version of) quamigechanical
formalism and requires additional principles to be introdun® it while handling such cases. Note tbahould be expressed
as0 = (2)[n where &@a<1 anda depends on temperature \J@). Thusa = a(J(T)) anda—0 as =0 anda—1 as F-w«.
a=0 corresponds to the Kondo singlet state whid. is the high temperature state where full local munie obtained and
which is devoid of antisymmetry (with respect to a partsiehange). Note that should be monotonic function of temperature.
The fermionic behavior that we encounter in physica result of indistinguishability of the electrond. sy moment the
Fermi surface (FS) volume of an electronic systembeilproportional to the weight of the part of its wawection which obeys
the antisymmetry (corresponding to indistinguishable elesjroThus for the Kondo singlet state|:vi)1), due to its full
indistinguishability, we must count tHeelectron wholly inside the FS. Thus the FS contaiesvidence electron (by default)
and also thé-electron wholly {Please note that in the context ohHo systems, the valence electrons are by defaultdeyedi
to be itinerant and participating in the FS volume. Thenéggues in Kondo systems concern the participatioheofocalized #
electron within the FS volume with varying temperatmd/or non-thermal ‘control’ parameter}. The FS voluroeresponds to

' J—- is only an approximation as the zero point motiothefelectron in quantum theory does not allow Jdwlup at O K.
Instead J remains finitely large at O K.
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two electrons in that case. Now let us take an arpiteamperature state i.y,),5,-¢1)1),- We have already argued that this
state does not correspond to full indistinguishability leetwboth the electrons due to the absence of fullyamtigtry (with
respect to a particle exchange) for this state. Howewshen we rewrite the above state as
(1-cos8 )t 1|t v+ cod [ )il Ju—lt)i[1)v »-i siml )1 )es , ONE CAN see that a part of this state (i.e. thElmiterm) obeys the antisymmetry
while the rest (i.e. the remaining terms) does tiois here we claim that the state, |y, e} ). actually manifestspartial

indistinguishability (due to the existence of thxelgange between a part of thisedectron, i.e. cdsfraction of the #electron, with the
valence electron) between the two electrons. Gmdyptart of the wave function which obeys the antisietry contributes to the FS
volume while the rest does not contribute so awdefiore itcorresponds to the distinguishable electronic weighbn-fermions
{Please note that the distinguishability/indistinguish&pitif an electron is always defined in relation to satieer electron. It
is not obviously clear how this will affect the FSwme. Here we argue that typically in Kondo systemsviiience electrons
are considered as ‘benchmark’ for the electrons cartinifp to the FS volume. Therefore any other elecfeog. 4 electron in
Kondo systems) becoming indistinguishable with thenadeslectron must be counted in the FS volume and visa.véhe
intermediate case of partial indistinguishability betwtiem would naturally lead to a partial contributionha & electron to
the FS volume}. Thus in this case the totalve®ime would contain the valence electron (by diYand co® fraction of ond-
electron. Then the FS volume will be (1+8psThus one can see that with increasing temperatare3hvolume reduces from 2
(at T = 0K) to 1 (at T =<K) following the expression (1+cBs= (1+cos({v2)*a) which depends on the temperature through
J(T). The exact functional form J{T) is unknown and is an open and complex issue.

This was the illustration done for a simple two elattsystem highlighting the intricacies of the two elecegohange as a
function of temperature. Of course for real many-etecisystems there might arise additional degrees oplenity and the
exact FS evolution with temperature might need certaiarmealization of the parameters presented here. Howtheehasic
idea presented in this section (regarding the two electtamaage) needs to be utilized in any realistic theorylsiting the
temperature dependent FS evolution in Kondo lattices.

2) Non-Fermi Liquid (NFL) Behavior at the Quantum Critical Bint (QCP)

Instead of varying the temperature for tuning the valug ohe can also tune it by changing a non-thermal ‘cbmtaoameter
(p) like physical/chemical pressure, applied magnetikd fetc. Such a control parameter tuning has led to treodisy of
QCP’s in the heavy fermion systems which are a e®tjwe field of research currently. An interesting obagon of NFL
behavior close to QCP’s has turned into a big opeblgmoin contemporary condensed matter research.

We argue that our treatment about the state of theetsatron system as described above is maintained evbe present
case when we tune the ground state of the heavy fersggiem by varying. Along thep axis, (in case of the two electron
system involving an interaction of th&electron with an effective field simulating the effet other 4 sites of the Kondo lattice
on the 4 electron— simulating the RKKY interaction (this is an approxtioa for the real situation in a Kondo lattice buisit
quite helpful for highlighting our ideas over the variatadrthe two electron exchange wiph) if p—o corresponds td(p)—-«o
(Kondo singlet ground state)1).—t)t)v) andp—0 corresponds td(p)—0 (local magnetic moment ground state) then any
ground state for a finite will in general be represented by, y-d?),) f1)v, Whered = (TW2)[tr; O<a<1 anda depends op via

J(p). Close to the critical value ¢, i.e. pc where the QCP is believed to exist, the induced itirssramo thef-electron (by
increasing the magnitude &fp)) is large enough for it to influence the physical praperof the systems although<co. Thus
the f-electron becomes a part of the valence band althougisinot fully matured into a fermion yet. This leads\thlence
band to display NFL excitations.

In case of a Kondo lattice, the real situation isnfare complex due to the RKKY interaction but the bdsiails about the
two electron exchange presented here must be utilized fealigtic simulation of the variation of the groundtestaf heavy
fermion systems witlp. This holds as well for the study of the variation & BS volume wittp, in which case we admit that a
large amount of conflicting experimental evidence is albilas far as the exact location of large-small BSsition with
respect to the QCP is concerned. However our apprddobating the two electron exchange in a novel wagypelieve, would
allow a large degree of flexibility for accommodatingide variety of ground states within its predictions.

3) On the Origin of the Temperature Dependence of the Konafling

Assuming a two electron state at any arbitrary teatpee as; |, ),- ¢}, We can show (from ref.
http://en.wikipedia.org/wiki/Exchange_interaction) that the #@mxchange coupling is temperature dependent. We proceed
as follows:

The Kondo Hamiltonian involves a Heisenberg exchange tentaining coupling of the local moment spin with ¢baduction
electron spin i.e. a term of the fomyga_gb. Now s 5, is known to have characteristic values correspogndop singlet

(s,.5,=-3/4) and triplet € s, =1/4) spin wave functions for the two electron systemillastrated in the aforementioned

internet reference. Since we wish to estimate #ieevofJ for any arbitrary temperature, we need to assuméatheslectron
wave function to be given by the form |, ), - €1} r ) Which has an intermediate exchange symmetry (i.e. eetlwesonic
and fermionic exchange symmetry) as against the antisymnvhich is typical of fermions. Hence we need to tarcs the
electron wave functions from their spatial and spinspartsuch a way that the ‘total’ electron wave fumtsi possess such an
intermediate symmetry. For illustrating this concept we e case of the Hnolecule as discussed in the aforementioned
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internet reference. Since the total spin of the tigoteon system is a good quantum number (for both the Iksmains i.e. for
H, molecule and the Kondo Hamiltonian) the eigenstatéseofwo electron Hamiltonian have to be constructediah @ way
that the intermediate exchange symmetry of their wawetiions is contained in their spatial part but not shim part. This
construction scheme guarantees the existence of intert@eslichange symmetry for the ‘total’ two electron evéunction
while keeping their spin parts as eigenstates of theatypecorresponding to the total spin of the two etecsystem. Let the
eigenstates of the single electron Hamiltonian foritldé/idual H atom (as in the Heitler-London approximajibe labeled by
WL, gt il @l for atoma and ¢, b, W2 @S,..... for atomb where ¢° and ¢ represent their ground states
respectively, we argue that at temperature T the efdctstate for atona and atorrb should be written as:

‘ﬂa(ﬂ U,T) = i Cia (T)wla(?) = i da(T)¢a(T)Xa(a) = i (Za(?!T)X a(a) (for atom a)

and % (.0 =3 G MWL) =3 G MNAMND) = 3 BF T ror atomny

whereg@' . are spatial and spin parts of the single electron wagg@umfor atoma respectively andg',x, are spatial and
spin parts of the single electron wavefunction for atemespectively andd',(T), ¢u(T) are the temperature dependent
occupancies of the eigenstates of the Hamiltonianatem a and atomb respectively. Note that the wavefunctions
{ Y] @'}{ xa} are normalized and orthogonal to each other withirir lhas;pect_ive families (denoted by curly brackets) i.e.
<¢; W > =d,; <¢;; @) > =0, <)(‘a X! > = g, . Similar is the case with¢%}.{ @}.{x0}-

In order to illustrate the temperature dependencgibis convenient to describe the wavefunctions imteof molecular
orbitals. We construct molecular orbitals (M.O.) toe H, molecule as:

. (T T+ (F.T) . © g (FT)-g (T.T)

U,(r.,T)=N . andy (r,T)=N c b

(7T) “zo J2@+a)) (1) “Zo J2(-a))

wherea, = [ @ (¥, T)@. (F,T)d?r isthe overlap integral ard, & Nyare normalizing factors.
i a b q

Note thatU (r,T) and U,(r,T) are orthogonal to each other.
Then the symmetric and anti-symmetric combinations flwkem can be created as:
Ya5 5 T)=2[U T W6 )-U 6T W ,6T))]

andws(q,r;,T):%[u ST [T )+U (6T W L 6,T))]
However in order to acquire intermediate exchange symragtiinite temperatures we must write the above wawvetfons
(including spin part) as:

Y, (F.F,0,0,T)= %[u o T W, )-€°U, (T )W, E,T )] O{ Normalized spin parf ¢he spin triplet wave functigrAnd

W (7 0,,0,T)= %[U JET W T )+e’U (LT LT )} O{ Normalized spin part the spin singlet wave functifi

Breaking the Hamiltonian into two parts dd = H°+H*' (as in M.O. approximation) wherdd %is the unperturbed

1 . .
Hamiltonian andH* 0 — is the perturbation comprising of inter-electron iatéions. Note thaH does not contain any spin
r.12
operators and hence it will not operate on the spingfahte wave functions. Then the energy eigenvaluesmafiking the first
order correction to them within the perturbation thezmmye out to be;
Eg= E°+(W | H|W 5= E*+ (T +cosd .1, (T)
and
E, = E+(W,[H!|W,)= E°+ C(T)~cosd ., (T)
whereC is the Coulomb integral arlidy is the exchange integral defined as
C(T) = [U, (5, T) H'U, (1, T)* d°rd’r,
and Jed(T) = JU (5, T)U (5, TIH'U (5, T)U (5, T)drd’r,

Then J(T) = E(T) — E(T) =2c0sf ., (T,
wheredT) andJe(T) depends on temperature. Hedogepends on temperature. The temperature dependedg@ dfs due to
the temperature dependence of the wavefunctions’ spatilepand the inter-electron spatial separation. At heghperatures

$.(r,0.T) and¥.(,0.T) contain contributions from excited states which hewtended wavefunctions in space which would
naturally increase inter-electron separation. Sineeeithange interaction originates from the Coulombawct®En between the
electrons it is bound to become stronger when théretecare close together than when they are far aypéch happens when
we reduce temperature. Thé&p must increase at low temperatures. This forms aipedin for claiming an intrinsic origin for
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the temperature dependenceldh addition to usual thermal fluctuation effects affiegtthe physics of Kondo system&ndly
note the importance @? factor in these expressions. Without this factor veeusmable to find explanation for non-Fermi liquid
behavior observed close to QCP. In addition, this fattgether with the temperature dependencé.$f)) may be a crucial
component in the glue for Cooper pairs in unconventianzdreonductors which needs to be explored further.

Note that it is a convention in the condensed matisrmunity to describe the high temperature electrdatie ®f any system
as a ‘mixed’ quantum state rather than a pure quantuenvegitich has been used in this manuscript all throughoiitustrating
our new ideas. Such a mixed state is dealt within thetgianatrix formalism. The ideas presented by us shoulexbended to
the mixed states within the density matrix formalisma@roper simulation of condensed matter phenomena.

4) Final Discussion

A lot of experimental investigation has been done it demonstrating the existence of Kondo effect atami@level (e.g.
Science281, 540 (1998), PRIB0, 2893 (1998), Scienc280, 567 (1998) etc.). A modification of those experimentstiiar
purpose of measuring the force between a localized spithantbnduction electrons is required for studying the testynes
dependence of and thereby verifying its temperature dependence expesdthyenthis can be achieved in one way by
measuring the small attractive force produced on desimggnetic adatom deposited on a non-magnetic neesaltface, as a
function of temperature. However, it is important to eadere that the adatom electronic states hybridite tve conduction
electron states in order to give rise to the Kondoceffed thereby to the existence of Kondo exchange cougplitry the
example of Co adatoms on Au(111) surface, this systemlikmeavn to display such a Kondo effect and has also besed
previously to verify the spectroscopic signature of Korekbnance at an atomic level for the first timed. (Bcience280, 567
(1998)). Further, it is also important to ensure thathiyteridization strength between adatom states and conduigotron
states remain constant with temperature while meggthie force on the adatom. For the Co/Au(111) systedisagssed above
the hybridization depends on the overlap of thedstates with the conduction electron states whicdejsendent on the
distance of the Co adatom from the Au(111) surface. distance could change with temperature however sincthénmal
contraction effects etc. on the lattice constansobifls are usually very small on a relative scalg likely that in this case to the
changes in the Co-Au(111) interatomic distance would ndr&stic. However such a change, if any, needs to be neeband
corrected. We believe that the experiments performe@aAu(111) system are most likely to be successful in vagfyhe
temperature dependencelofAnother example of such an experiment would be to me#seréorce’ between a quantum dot
(kept under a fixed gate voltage fixing the strength ofdtvealled hybridization between localized spin andabreduction
electron reservoir) and source/drain leads (the expatahassembly as mentioned in ref. Scie28% 540 (1998)) as a function
of temperature one ‘may be’ able to study the temperatependence df In the latter experiment there seems to be a large
degree of control over fixing the strength of the (cam3taybridization during the experiment by fixing the gate voltage
accordingly which is an adjustable parameter withinetkeriment as compared to the first experiment whereytrédization
which depends on the distance between the Co adatom emslfhll) metal surface seems not readily controllabléhé
experiment.

Our manuscript is mainly aimed at providing a crucial cphed input at the most fundamental level which has been
overlooked so far in various theoretical models sinngatliverse phenomena in condensed matter instead of prgvédi
complete theoretical formalism for simulating exact itletf various condensed matter systems for a direopeoison with the
experiment. Nevertheless the impact of our conceptual irgrihs very wide covering areas dealing with the temperature
dependent transformation of electronic character inetaded electron systems, various competing ground statnidensed
matter, quantum criticality and emergent non-Fermuitigpbehavior and remarkably a potential candidate faylug for
unconventional superconductivity. All these big problemsoimtemporary condensed matter physics seem connédtexiveery
basic level through this conceptual input. Furthermoredaveadmit that although DMFT has had good enough success for
capturing the temperature dependent localization-itineransition in some of the heavy fermion compounds and ciyrent
enjoys the reputation of being the most powerful toolsionulation of correlated electron phenomena in coratemsatter
systems however our conceptual picture has the advaotagéerweaving different condensed matter phenomenaon&o
fabric. Therefore we believe that our manuscript depsesent a significant advance in science which would meskarkable
impact on future theoretical models in condensed myglttgsics.
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