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Superconductivity from undressing
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Photoemission experiments in high-cuprates indicate that quasiparticles are heavily “dressed” in the
normal state, particularly in the low doping regime. Furthermore, these experiments show that a gradual
undressing occurs both in the normal state as the system is doped and the carrier concentration increases, as
well as at a fixed carrier concentration as the temperature is lowered and the system becomes superconducting.
A similar picture can be inferred from optical experiments. It is argued that these experiments can be simply
understood with the single assumption that the quasiparticle dressing is a function of the local carrier concen-
tration. Microscopic Hamiltonians describing this physics are discussed. The undressing process manifests
itself in both the one- and two-particle Green’s functions, and hence leads to observable consequences in
photoemission and optical experiments, respectively. An essential consequence of this phenomenology is that
the microscopic Hamiltonians describing it break electron-hole symmetry: these Hamiltonians predict that
superconductivity will only occur for carriers with holelike character, as proposed in the theory of hole
superconductivity.

[. INTRODUCTION At high carrier concentrations, carriers are already undressed
in the normal state, and hence superconductivity does not
Photoemission experiments in higi-cuprates show that occur.
the spectral function has two contributions: a coherent qua- The undressing will give rise to a lowering of the sys-
siparticle peak, and a broad incoherent background. Rdem’s free energy, and hence to the condensation energy of
cently, Dinget all provided an insightful discussion of the the superconductor. Because it is an undressing transition, it
phenomenology observed in photoemission in terms of thé thekinetic energy that is lowered as the system becomes
one-electron coherence factor, or quasiparticle weight, superconductiné:as carriers undress, their effective mass
The analysis of Dinget al, as well as a variety of other decreases, and this higher mobility in the superconducting
analyses and experimental datdsuggest that the quasipar- State is what provides the “glue” for the collective order.
ticle coherence increases in high-cuprates both as the car- Naturally, this will cause observable manifestations in opti-
fier concentration increases in the normal state and as theal propertie$:®
temperature decreases and the system becomes superconThere are two key distinct questions related to the under-
ducting. standing of hight. superconductivity. One relates to the na-
These observations can be simply understood by assurtire of the bosonic degree of freedom coupled to the elec-
ing that the quasiparticle “dressing” in highz cuprates is a trons that gives rise to pairing and other phenomena: is it
decreasingfunction of the “local” carrier concentration, Mmagnetic, electronic, phononic, or something else? What is
more specifically of the probability of finding another carrier

in the vicinity of a given carrier. This local carrier concen-

tration will increase both as the total carrier concentration dressed s.t. __undressed
increases through doping, as well as in a dilute carrier con- CZ'"”%‘S °°';”er

centration regime when Cooper pairs form and the supercon-
ducting state develops. This physics is qualitatively depicted
in Fig. 1.

We argue that the essential physics of the highphe-
nomenon isundressing*® At a low carrier density, carriers
are heavily dressed in the normal state, due to coupling to a
bosonic degree of freedom. When carriers pair and the sys-
tem becomes superconducting, carriers partially undress.
Similarly, when the system is doped in the normal state, n

carriers increasingly undress. This will occur if the coupling 5 1 Phenomenology of highs superconductorgsche-
. L s

to the boson degree of freedom is a function of the localyati as described by the models in this paper. Heavily dressed
carrier concentration, and becomes weaker as the local cagyasiparticles at low concentrations “undress” as the temperature
rier concentration increases. This feature, we propose, ig |owered or as the carrier concentration increases. s.t. denotes
what makes the material a high-temperature superconducto$pectral weight transfefrom high to low frequencies in the direc-
carriers will pair in order to undress, i.e., to reduce the coution of the arrowy or “strip tease.” Below the curve labeled,,

pling to this boson degree of freedom. Paradoxically, by bethe system is superconducting. The initial riseTinvs n is due to
coming boundin Cooper pairs, carriers become mdree  the increasing number of carriers.
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its spectral density? The second question is, what is the es i /N/

sential physics of the phenomenon, and what are the key etectrons L4 i
experimental signatures? These two questions are not nece: N/ v

sarily tightly coupled, and here we wish to draw a sharp hotes ) L ]
distinction between them. We do have definite views on the ,,.n gegres il

first question, namely, that the mechanism is purely elec- offreedom * Hope H oo™
tronic'® rather than magnetic, phonon, or a combination. ., merbeson \l/ \l/ ,[\
However, this paper mainly focuses on the second questiondegree of freedom

for which we propose the undressing scenario. It is possible
thf’it this scenario ma_y be app!lcable independent of the d(_:‘D'oson degree of freedom is associated with each site. The first
tailed answer to the first question. electron at the site causes a small change in the ground state of this
Howe_v_er,l\ivze also argue that the theory of hole superyegree of freedom, and the second electron causes a large change.
CondUCt'V't)} “leads naturally to the phenomenology de- pqr holes, the situation is reversed. Two examples of the boson
scribed above, and, also conversely, that the phenomenologi¢gree of freedom are shown, an oscillator and a spin 1/2.
described above leads naturally to the theory of hole super-
conductivity. The electron-hole symmetry breaking leads to

the undressing scenario, and the assumption of increased Breen’s function. Hence it will have observable conse-

dressing with increased carrier concentration leads t%uences for photoemission experiments. The close connec-
electron-hole symmetry breaking. Furthermore, of the twq

ossible choices. we arque that ithisle carriers that are tion between the effects observed in photoemission and in
possl > 9 ._optical experiments was recently emphasized by Norman
heavily dressed in the normal state, and that electron carrier alle
are instead lightly dressed, or undressed. As holes pair, or as For most of this paper we will use a specific generalized

the system is doped with holes, holes become more “like”, | "6l 18 1 describe the physics of superconduc-

elgctrons, 'and they'undress. We are not aware qf any ‘?th'ﬁ(/ity through undressing. The reason for this is simply that a
microscopic scenario that can describe the physics of “un;

dressing.” Through the framework of the theory of hole Su_Iarge amount of theoretical work has been done on the Hol-

erconductivity it is seen that another unavoidable conse§tein model. In the Holstein model usually considetethe
P nd . - . .y electron-hole symmetric version, the physics of undressing is
guence of this “undressing” physics is the prediction of

tunneling asymmetry of universal sighas well as of charge absent. Nevertheless, much of the mathematical treatment
. g asy y ) 9 carries over to the generalized model considered here.
imbalance in the superconducting stite.

. ; S . . L . Furthermore, we restrict ourselves to the small polaron
The microscopic physics is easily described qual'tatlvely'r%gime of the model, both because the physics in that regime

there are carriers in a band, and there is a background degre most transparent and because we believe it is the most

of freedom at each atom or site. The presence of a carrier a'ﬁ ropriate regime to describe high-cuprates. Alexandrov
a site will modify, or “disrupt,” the background degree of pprop 9 P .

P . v gind co-worker®-?! performed a large amount of very inter-
freedom. So far, the physics is the same as in a variety of . . . . .
esting theoretical work on the symmetric Holstein model in

electron-boson models. The essential distinguishing featur{;f\] : . :
: : ; . . . the small polaron regime, and we will draw on some of their
here is that the disruption caused by the first carrier on a site

) ) Seminal contributions. In the conclusion, however, we will
is assumed to bdifferentfrom that caused by a second car- . . ; . )

; . ) . discuss the fundamental difference in the physics described
rier on that site. This essential feature leads to supercondu

tivity through undressing, with distinct characteristics. %y our model, and that described by Alexandrov and co-

. : : . workers.

In the past we proposed a variety of microscopic Hamil-
tonians to describe this physid4) a purely electronic model
with two orbitals per sité® (2) a model of electrongone Il PHYSICS AND HAMILTONIANS
orbital per sit¢ coupled to a spin 1/2 degree of freedom at
each sit¢®! and (3) a variety of generalized Holstein ~ The physics is qualitatively depicted in Fig. 2. A local
modelst®~*¥ The essential physics of all these Hamiltoniansbosonic degree of freedom couples to the electmrhole
(in the parameter range consideréithe same, as discussed at the site. The first electron at the site causes a small distor-
qualitatively above. We believe that either of these Hamilto-tion of the boson degree of freedom, and the second causes a
nians is a plausible choice for a description of the physics ofnuch larger distortion. Conversely, the first hole at the site
electrons in atoms with several electrons in the outer shellgauses a large change of the boson degree of freedom, and
which we believe is the relevant physics: the “background” the second a small one. The discussion can be carried out
degree of freedom is simply a way of representing the exciconsistently with electrons or with holes; we will use the
tations of these other electrons. However, such Hamiltonianginguage of holes in most of this paper only because it is
could also be used to describe other microscopic physics, faomewhat simpler to describe the physics of a few holes

FIG. 2. The physics of electron-hole asymmetric polarons. A

er, undressing also manifests itself in the one-particle

example, coupling to a high-frequency phonon. rather than that of many electrons. Note that the key physics
Some of the consequences of the physics of undressingf electron-hole asymmetry is introduced at the outset.
for optical properties were already discussdd. particular, Let [n) be the ground state of the local boson degree of

it led to a prediction of an apparent optical sum rulefreedom when there ane holes at the site, angh') the Ith
violation,” which was recently detected experiment&lljhis  excited state of that boson degree of freedom; hdnge

is due to the fact that undressing manifests itself in the two=|n°). Consider the ground-state overlaps of the boson de-
particle Green’s function. However, as discussed in this pagree of freedom with different number of holes at the site:
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s=(0/1), CERY WY -4
T=(1]2). (1b) 1ty PR
The physics of undressing arises3f: T.> Specifically, for . : ;
holesto undress as the hole concentration increases, P, - ‘,LL”KIJ/
S<T (2) electrons t°>t1 >t holes
. . . ) t(np) =to + npat
is required; that is, the overlap matrix element of the ground to =T21 i1, =TSt ; tp =821

state of the boson degree of freedom with no holes and one
hole is smaller than the one between one hole and two holes. FIG. 3. Schematic depiction of hopping processes for different
The effect will be strongest whe®<T; in an ideal situation, band fillings. As the(electron band filling increases, the hopping
one will haveT~1. The factorsS? andT? are the quasipar- amplitude decreases and carriers become heavjedenotes the
ticle weights of single-hole carriers and single-electron carhole concentration.
riers, respectively, in a Fermi-liquid description: hole carriers
will have a small quasiparticle spectral weight, and electron t;=tST=t,+At, (7)
carriers a large quasiparticle weight.

When a hole at sitéis destroyed, with the boson degree
of freedom in its ground state, one of two things can occur: to=tT?, 8

the boson degree of freedom may make a transition to the ) ] ]
ground state with one fewer hole, or it may end up in anthe latter of course also being the hopping amplitude for a

excited state. The first process is a diagonal transition, théingle electron when there are no other electrons at the two

second a nondiagonal one. If the site is singly occupied wéites involved. The hopping amplitudes are shown schemati-

have, withc;, a hole destruction operator cally in Fig. 3. Single-hole carriers are most heavily dressed,
’ o

and hence have a large effective mass, related to the
hopping amplitude, by

and when there are two other holes it is

cinl1)I1)=10)[1)=[0)0)S+ 3, 10)[0'K0I1), (3
ﬁ2
so thatS gives the probability amplitude for the diagonal m;‘:ﬁ, ©)
transition. Here the site state is represented as a direct prod- taa
uct of the hole occupation state and the boson state. The firgith a the lattice spacing. When holes hop in the presence of
term in Eq.(3) conserves energy, preserves the phase of thether holes, they do so with a hopping amplitugle t,, as a
wave function, and gives rise to a coherent process assogpartial undressing occurs. The effective hopping Hamiltonian
ated with the quasiparticle contribution to the spectral func-arising from these transitions is
tion; the second part gives the incoherent contribution. Simi-
larly, when a hole is destroyed at a site that is occupied by

—_ oAt
two holes, Hhop__<i%a tjj(Ci,Cjs T H.C), (103

cilTOI2=IN2= DT+ [DILKL2), @  G=LS STt )+ (T o ]
i#0 (10b
and the weight of the coherent process is giveriTpbwhich ~ The third term in Eq(10b) will be negligible in the low hole
is assumed to be larger th&1Hence coherence will increase concentration regime for reasonable values of on-site repul-
as the number of doubly occupied site&y holes increases, sion. Hence the effective Hamiltonian, also including on-site
which will be the case both when hole doping and when holeand nearest-neighbor Coulomb repulsion, is
pairing occurs. The completeness relations

E| |>< I| 1 (5) Heff:_<-j2> [t2+At(nifU+niyfa)](CiTona'l'H-C-)
n)n|= ii)o
|

ensure that an increase in the weight of coherent processes is +U myng Vg, (13)

accompanied by a decrease in the weight of incoherent pro- ' )

cesses, and that the spectral function sum rule is satisfied.with nj=n;; +n;, . The difference in hopping amplitudes
Similarly, the amplitudes of ground-state to ground-state

transitions determine the effective mass of the carriensis|f At=t;—t,=tS(T—9) (12

the hopping amplitude for a carrier in the absence of cou:

) ; . ives rise to pairing and superconductivityThe undressing
pling to the boson degree of freedom, the hopping amplitudg 4 accompanying effective mass lowering when pairing oc-
for a single hole when there are no other holes in either o

h ites involved in the hoopi . urs gives rise to an apparent violation of the optical sum
the two sites involved in the hopping process Is rule, as discussed in detail elsewhére.

6) Furthermore, in the normal state the effective hopping for
a hole will be an increasing function of hole concentration
when there is one other hole it is n,'2 given by

t,=tS?;
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1 , z ,
T Tl G(k,w)= S TG'= g te
— - w( - o )_Ek
Nh (18)
with
1
Z= s (19
Ky

FIG. 4. Electronic band vs dopingchematig as predicted by
Eq.(13). As the hole doping increases, the Fermi level moves downThe termG’ contains the imaginary part of the self-energy,

and the band becomes broader. and gives rise to the incoherent contribution. Equatib®)
shows that the same factd; the wave-function renormal-
t(n)=t,+nAt. (13)  ization factor that results from the frequency dependence of

L _ ) ) the real part of the self-energy, determines the quasiparticle
This will cause an expansion of the effective bandwidth aghectra) weight and the effective-mass renormalization. In
the hole concentration increases, as shown schematically H{)e models considered her® is a function of carrier con-
Fig. 4. For the integrated optical absorption for imraba”dcentration, and we have simply
processes the conductivity sum rule yields

2

n
on —e2n Z(nN)=S*+nYT-9S)+ Z(T—S)z (20)
f dooi(w)= — (14

0 2m in the normal state, withh the hole concentration per site. In

. _ 2 _ 2 .
with o the frequency-dependent real part of the conductiv-part'cuI"Jlr £=S" or Z=T* for an almost filled band I

ity (per site. nis the number of carriers per sit®* is the ;Oérggﬁgui{mosétgtr;pmF%rlc:;(;;ze) é;e;%ecz\{fghlr}ifgge
effective mass, and,, is a high-frequency cutoff that allows P 9 P P

. . develops.
only for intraband processes. Using E¢8). and (13) One Hamiltonian that describes this physics is the spin-

fermion modelt®*! with the site Hamiltonian given by

mea’t(n)n

. (15

fO dwo-l(w): Hi=(V(niT‘Fnil)_(J)())O'iz"'A(TiX"'UniTnil, (21)

. | . _
so that the integrated low-frequency spectral weight in—W'th o' a spin 1/2 degree of freedom, ang, a hole occu

creases faster than linearly with carrier concentration. ThergatIon operator. The physics described here anses in the pa-
is evidence from optical experiments that the low-frequency 2Eer regimeV=>awo, A<w. Then the spin degree of
optical spectral weight increases with doping more rapidlyfr.eedom points apprommately up when there is no hole at the
than expected from the added number of carfiéiis, sup- site, and apprqmmately down when there are one or two
port of Eq.(15). This transfer of optical spectral weight from holes at_ the S'te.' as sh(_)wn schematically in Fig. 2. The
high to low frequencies with hole doping is a manifestationCh"’Tnge in the spin state Is much larger betwe_en hale occuj
of the undressing that occurs with increasing hole concentr dations 0 and 1 than between hole occupations 1 and 2;
tion, and will be accompanied by a decrease in the spectr enceSfT. iitoni hat d i his phvsics i
weight of nondiagonal transitions, i.e., hopping processesI Anot er H%ml' tomﬁm that b?s‘l’” es t 'Jt% P é’s'cs IS an
where the background degrees of freedom end up in excite ectronic model with two orbitals per sit¢,and a site
states rather than the ground state. amiltonian

The relation between quasiparticle spectral weight and ef-Hi= Ungpng +U'nnd +Vinin! + Enir_tr(C_T ¢/ +H.c),

fective mass discussed above follows, of course, from gen- (22)
eral properties of many-body systems. The exact Green's ) .
function for a many-body system can be written as where the primed and unprimed operators refeelaxtrons

in the two site orbitals. The physics of undressing will arise
if the condition
Gkw)=——c—, 16
(k) w—e—2(K,w) (19 U'+2e<V—-e<U (23

where %, is the self-energy, and, is measured from the is satisfied, together with the ordering,U’,V>e>t'.
chemical potential. In the models considered here the selffhese conditions ensure that a single electron resides prima-
energy has no significaktdependence, and we have for its rily in the lower level(unprimed orbita)l, while two electrons

real part reside dominantly in the higher levgdrimed orbitalg. When
an electron leaves a doubly occupied orbital, the second elec-
Sre tron relaxes to the lower-energy level, giving a large renor-
2re(@)=2re(0) + P (17 malization effect, and<1, while T=1. This Hamiltonian

in the parameter regime described may be justified from
2,e(0) just renormalizes the chemical potential. Hence first-principles atomic physics calculatiofis.
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Finally, the physics described here will arise in a variety 0o=0, (299
of generalizations of the Holstein Hamiltoni&rdescribing
electrons interacting with a local displacement degree of @
freedomq; : Aa=—% (29b)
p? 1 2
_ i 2 a o
Hl—m‘l' EK(n,)ql+a(n|)q|n,+Un|Tn,l (24) q2:_?+?v (29C)

The undressing effect arises when the usual Holstein modelng the ground-state overlap matrix elements for the states
is generalized by allowing for an occupation dependence ofitn n andn’ holes is

the parametersn, K, or « in Eq. (24), or by adding an

anharmonic ternBq* to the site Hamiltonian. In the remain- <n|n’>:e7(K/4th)(qn7qn’)2, (30)
der of this paper we will use one particular version of this

model, where the coupling depends on site occupation. SO that

I1l. A GENERALIZED HOLSTEIN MODEL S=e az,AKthEeigZIZ’ (313
We consider the site Hamiltonian T=g la=a) Ko = g~ (@*2)(1-7)? (31b
p2 1 with
Hi=ﬁ—l—EKq2+q[a(n¢+ni)_alnTnl]+UnTnl' M
(25) 9= J% = or (329
where the site index on the right-hand side is understood. 0
The new term in this Hamiltonian, proportional &6, breaks o

electron-hole symmetry, and gives rise to the physics of un- y=— (32b
dressing. This term may be understood as arising from a
dependence of the electron-boson coupling on the hole occitence T>S, and in particularT=1 for «’=a. For that
pation[ a(n;) =a—a'(n;+n —1)/2]. Assuminge,a’>0,  particular caselUq1=U + a?/2K. The effective low-energy
Eq. (25 implies that the electron-boson coupling becomesHamiltonian to first order in the bare hoppihgs

weaker as holes are added. Alternatively, the new term may

be understood as a modification of the on-site Coulomb re- _
pulsion by the boson displacemenrt(q)=U—-a’q. In Hef=
terms of boson creation and annihilation operators the
Hamiltonian is

- E) [to+At(n; _ o+ N - )](c] ¢+ H.C)

Ll)ho

+Ueff2i NNy, (33
1 o’
H=fho|a'a+ 5t M(a'™+a)|n;+n - bt with t, andAt given by Eqgs(6) and(12). Superconductivity
will occur if the conditiort?
+Unin, (26)
T Ueff 1/2
with M = a (% wo/2K) 2 andwo= (K/m)*2. Our Hamiltonian §>( 1+ 5 ) (34)
h

differs from the usual Frohlich-type Hamiltonian in that the
boson couples to a term that is quartic in fermion operatorss satisfied, withD,,=2zt, the single-hole bandwidthz(is

in addition to t_he usual quadra_tic offe. _ the number of nearest neighbors to a)sitéence forT~1
By completing the squares in E(25), we obtain the ef- and sufficiently smal, superconductivity will occur for ar-
fective on-site repulsion bitrarily large values of the on-site repulsidh.¢;. Some

discussion of the effect of a nearest-neighbor Coulomb re-
27) pulsion and of higher-order corrections to the parameters in

Hefs IS given in Ref. 18. Matrix elements between ground-
state oscillator states and excited states with different occu-
pation numbers are given by

2%+ a'?*—4daa’

Ueff:U_ 2K

We assumer’<a. Note thata' causes anincreasein the
on-site repulsion; in particular, fo’>(2—2)a, the re-
duction inU due to the electron-boson couplingis com- eng/zgl

pletely offset, andJ.¢>U. Still, the model in that regime (0]1)=(-11|0")= ——, (353
will give rise to superconductivity due to the undressing ef- (1

fect produced byx'. The polaron site energy is given by 5 )
e UM g(1—y)]'

o? o8 (12)=(-1)(2)1)= (2
€= " &1, - .
o0 2K (35
The equilibrium position of the oscillators withholes at To calculate the single-particle Green’s function and the

the sitesg,, is spectral function, it is useful to formulate the problem in
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terms of polaron operators, as is done in the usual Holstein ()
model. In the absence of hopping between sites, the Hamil- A T~ 1ncoherent
tonian is diagonalized by a generalized Lang-Firsov q_p.[ 1 r\l\
transformatio”™® ' A==
— _ Qep-
Hi:eGHie G, (36) (b) Np
with \\1ncoherent
G=g(a'-a)(n;+n,—ynn)), (37) [~
with a’ a boson creation operator: ) ) ) )
FIG. 5. Spectral function for a site for the generalized Holstein
1 Mg 1 model[Eq. (45), with n,=0]. The lowest peak gives the quasipar-
al=— g+i pl. (38 ticle weight, and the other peaks give the incoherent contribution,
\/E h VMiwg which in an extended system will broaden into a smooth spectrum
Boson operators transform according to given by the envelope dashed linga) corresponds to Eq453),
P 9 with n;=0, and(b) corresponds to Eq45b), with n|=1. As the
. Gan-G_ hole concentration increases, the weight of the quasipafici®
= =a— +n, — . . L .
a=e-ae a=g(ng+n, ynTnl), (39 peak increases, and the incoherent contribution shifts to lower fre-
and fermion operators transform according to quencies and decreases in total weight. Parameters used-ae
o andy=0.5.
ciO':eGCio'eiezcio'xiov (403
with €, the site energy for one hole, aiag the energy of the
xm:efg(ata)(lfyni,—g)_ (40b Ith excited state of the boson. If instead the ground state of

the site has a spin down hole the spectral function is

In contrast to the usual Lang-Firsov transformation, the

dressing operatorX;, here depend on the fermion occupa-

tion number. The hopping part of the Hamiltonian,

Hhop=—t>, (cl,cj,+H.C) (41)
(i)

becomes

i (42

ghop: _tz (XT on.CiJro_CjU"r‘ H.c).
()]

The expectation value of th¥ operators in the zero boson

subspace is

(Xip) =€ @AM )", 43

i.e., the overlap matrix elemen®or T of Eq. (31) depending
on the value of the hole occupation _,, so that the hop-
ping terms in Eq(10) result.

IV. EXACT RESULTS

Consider a system with a single site. The single-particl

Al 1=27T2 80— eg— Uer) +2m 2, [(2|)P[(1-ny)
1#0

X S(W—€g—Ugt— @) + N1 S(W—€9—Uggst )],
(45b
where (Z,+ Ug¢) is the energy of two holes at the site. In
a many-body system the spectral function has the ¥&rm

Ak,w)=27Z(K) 5] o— (Ex— ) ]+ Ainc(k,w); (46)

that is, a shar@ function describing the quasiparticle and an
incoherent background,;,.. The weight of thes function,
0<Z=<1, gives the degree of coherence. For our d&sp

(45)], the first term, corresponding to diagonal transitions,
represents the coherent part, and the second term is the inco-
herent part. Henc&=S? when there is no spin-down hole at
the site, andZ=T? when there is one. We assumed the op-
erators in Eq(44) to be hole operators, ar8<T. Thus, as
holes are added to the site the coherent part of the spectral
function increases and the incoherent part decreases, so that

&he sum rule

spectral function at zero temperature for holes with spin-up

is given by
Ann (@) =272 {I]c]|0)olw—(E{" "V~ Ep)]

+[1[c [0)PIw+(E"V-EDT,  (44)

where|0) is the ground state of the system witp holes of
spin o, and|l) are states of the system with+1 or n,
—1 holes with spin-up. Using Eq3), we obtain

Apol©) =27 (w0 =€)+ 2m 2 [10)F(1-n))
+

(453

X (S(W_ 60—w|)+n15(W— Eo+ (1)|)],

J do Ay(w)=27 47
is satisfied.

For the case of the generalized Holstein model defined in
Sec. lll, w;=lwy, S and T are given by Eq(31), and the
matrix elements involving excited states by E&5). The
qualitative behavior predicted by E@5) is shown in Fig. 5.

A similar qualitative behavior is found for the two other
models discussed in Sec. Il.

This simple example bears directly on the understanding
of qualitative features of photoemission experiments in high-
T. cuprates. When the system has a low concentration of
holes in the normal state, the spectral function will look
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qualitatively like Fig. %a). Thel =0 peak, which gives the 2
quasiparticle contribution, will be nearly absengffis large. a&z)(w) = —pfz
The other peaks in an extended system will merge into a @
continuum incoherent contribution, peaking at some high en- 4 e 91+ 97

ergy. When the system is doped with holes, and also at a

fixeq QOping vyhen the temperature is Iowered. and supercon- “ g?[1+(1- )2
ductivity sets in, the number of doubly occupiésy holes XD —
sites will increase; hence the spectral function will have a =1 '
larger contribution from Fig. ®). Hence the intensity of the (53b)
guasiparticle peak in the spectral function will increase both]_

as the system becomes superconducting and as the system e qualitative behavior of these quantities is similar to that
doped in the normal state of the single-particle spectral functions shown in Fig. 5. In

Similarly, consider the optical absorption resulting from an extended _system the_ Zero boso_n terms give rise to the
transitions between localized particles at sites 1 and 2. As|_ntraband (_)ptlcal absorpt|on._ Accqr d'Pg fo these results, for
sume the current operator is given?by v#0 the intraband absorptlonlwnl increase as holes are
added to the system more rapidly than proportional to the
number of holes, since there is an increasing contribution of
j=>, p1Ch,Ci,+H.C. (48)  o$P(w) relative too{P(w). Correspondingly, the contribu-
v tion of | #0 terms, corresponding to nonintraband processes,
edecreases. The two other models discussed in Sec. Il display
similar physics.
Furthermore, as the system with a dilute concentration of
holes becomes superconducting, the relative contribution of
_r PN ) Wi - i (1)
o(w)=— > (m|j|0)PSlw—(En—Eg)]. (49) o3 will also increase relative to that f;’, because there
@ m is an increased fraction of configurations with holes on the
sgme or on nearest-neighbor sites. In that case the resulting
extra intraband optical spectral weight goes into #hkeinc-
tion that determines the London penetration depth, and an
- apparent violation of the Ferrell-Glover-Tinkham conductiv-
ofP(w)= —piz{s“ Sw)+ > [O|LPKL |oyPs ity sum rule resuls> . .
w (11")#(00) In summary, in the two simple examples discussed in this
section it is seen that the process of undressing will manifest
(50) itself similarly in one- and two-particle spectral functions,
' which determine the results of photoemission and optical-
absorption measurements. For both types of observables,
and for the case where there is one hole at each site, ofithin the class of models discussed here, an increase in the
opposite spin, local hole concentration through doping or through pairing
gives rise to increased coherence.

e @D 5 m—U)

5(w—Ueff—w0|) .

The real part of the optical conductivity at zero temperatur
is given by

For the case where there is one hole at site 1 and no hole
site 2 in the ground state, E19) yields

X(w—w,—wV)

SPT28(w—Ugyg)

o (w)= 2_”p2
1 w P12 V. SPECTRAL FUNCTION IN THE DILUTE LIMIT

To obtain further insight into the effect of undressing in
+ 2 |<0||1>|2|<2|’|1>|25 connection with superconductivity, we consider the dilute
(11")#(00) limit, that is, the limit when the number of hole carriers in
the band goes to zero. The wave function for a single pair of
(51)  holes governed by the effective Hamiltonifag. (11)] can

X(w—=Ugts— o= o)) |.
ert T be found exactly, and is of the fofth

Once again we have separated the coherent contribution, in- 1 - 1 4
volving no excited bosons, from the incoherent contribution |¥)= N EK fckCly 10)= N > i -j)ciic)0),
where bosons are emitted. For the generalized Holstein b 54
model, using the relation (543

LG 0l (gt fi= 2 eMit()), (54b)

2 TR (52) j

reo with
these relations become
= (g2 > [f(oP=1. (540
D(w)= 2 p2) o729 §(w) + 629 3 5w wol

o1 (@) P12 () Zl I (0= wol)|. Equations that determine the amplitud&) and the pair

(533 binding energyE, are found from exact solution of the
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Schralinger equation for a single pdif.In particular, in the  superfluid density will increase with doping. Hence, in the
limit wheret,—0 in Eq.(11), only the amplitude$(5) for  presence of the undressing effect, we conclude that there will
on-site and nearest-neighbor pairs are nonvanisting. be an extra contribution to the coherent part of the spectral
We consider the part of the spectral functideg. (44)]  function that increases both as the temperature is lowered
corresponding to the destruction of a hole of momentum and superconductivity sets in, and as the doping is increased
Applying the operator in the superconducting state. These effects should be observ-
able in photoemission experiments. We discuss these effects

1 . in more detail after considering the spectral function in the

o == > € Fic; (55 | state in Sec. VI

Kt N5 it normal state in Sec. VI.

to the wave fUI’lCtIOr[EC{(543] gives rise to diagon_al and VI. SPECTRAL FUNCTION IN THE NORMAL STATE
nondiagonal terms, as given by E¢3) and(4). The diago-
nal terms, where the bosons remain in the ground state, The calculation of the spectral function in the normal state
yields of the generalized Holstein model closely follows the treat-
ment of Alexandrov and Ranninger for the electron-hole
1 symmetric casé! In the single-particle Green’s function,

(CkT|‘I’>)diag:\/—N[(T—S)f(0)+3fk]c—k¢|0>, (56)
G(m,7)=—(T,Co;(7)ch;(0)), (59)

and the nondiagonal terms are .
fermion operators are replaced by the transformed operators

1 _ [Eq. (40)], and averages over fermions and bosons are de-
(Ck¢|‘1’>)nondiagzﬁ 2 e*Rif(0)])i(1']2) coupled. The result for the spectral function is
[N
1 _
+3 > e*Rif(i—j)[1);0"0"1). A(k,0)=2me | [1+n(e" ~1) ] o+ ()]
%],
(57 © ol
! SS9 ine1-y)-1
Assuming that states with excited bosons in a real-space rep- N < Triltnie® (1-y)—1]}
resentation are approximately eigenstates of the Hamiltonian,
one obtains the spectral function X[(1=ng) 8w+ lwo+ € — )
Ak, w)=2mn, [(T-S)f(0)+Sf]?*6(w+ e+ Eyp) +npd(w—lwg+er—u)]|, (60)
n 2y [2£2(0) + (0" 1) |2 wheren is the hole concentration. Far=0 this reduces to
I;o {KT12)Ft50)+ K0'[1)] the result of Alexandrov and Ranninger. The first term de-

scribes the coherent contribution, and the second term the
XT1—F(0) 2T 8(w+ v+ Ent . 58 incoherent one. Wher7>0, the coherent part increases_at
[ 0ot et Byt o) 8 the expense of the incoherent part as the hole concentration

increases. The amplitude of the coherent part of the spectral

We have assumed that there afepairs in the ground state  fnction is proportional to the effective bandwidth, which is
that do not interfere with one another. In contrast, in standargg‘iven (to lowest order iny) by

models with no electron-hole symmetry breaking such as the
conventional Holstein modeS=T and (0'|1)=(1'|2), so
that the first term in Eq(58) disappears and the second one
is simplified. In particular, the dependence ©®), the on-
site pair amplitude, disappears. and increases linearly with doping.

Equation (58) clearly shows the effect of electron-hole  |n a photoemission experiment, the quantity probed is
symmetry breaking. The coherent part of the spectral func-

tion in the superconducting state will be enhanced when lo(k, @) =A(k,0)f(w), (62)
>S, proportionally to the on-site pair wave-function ampli-

tudef(0). As aconsequence the enhancement will be largemwith f(w) the Fermi function. To take the experimental reso-
the smaller the coherence length, i.e. the size of the paiution into account we calculate the convolution

wave function, is. Correspondingly, the incoherent part of

the spectral function is reduced, sir|¢&'|2)| is smaller than

[(0'|1)] if S<T, as discussed in Sec. Il. Furthermore, the |(k’“’):f do’'F(o—ao")lo(k '), (63)
enhancement is proportional to the number of pairs. The

number of pairs within a two-fluid model is given by the with F(w) a Gaussian function with widtlr,,. An example
superfluid densityn,=X, (0)%/\((T)?, with A the London  of the behavior obtained is shown in Fig. 6. Note that the
penetration depth, and grows proportionally to the gapyuasiparticle peak is absent for a low hole concentration, and
squared as the temperature is lowered belgw Also, the  appears as the hole concentration increases.

D(n)=2zt(n)=2z(t,+nAt)=2zte" 9 T1+n(e"¥ —1)],
(61)
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I B D Furthermore, the doping dependence of the quasiparticle
] peak in the superconducting stdtég. (66)] will be deter-
7] mined by that of the superfluid weight,, and also by the
1 doping dependence ¢{0). In themodel of hole supercon-
ductivity, the superfluid weight is found to grow approxi-
mately linearly with dopind. The on-site pair amplitude
f(0) is found to decrease as the system moves toward the
overdoped regime, because there is a crossover to the weak
coupling regime and the coherence length increds®s.
Ding et al! found Z in the superconducting state to increase
T R N linearly with doping in the underdoped regime, and taper off
0-000 150 50 0 50 on the overdoped side. Hence this behavior is qualitatively
@ (meV) consistent with the prediction of E¢66). A detailed quan-

FIG. 6. Angle-resolved photoemission spectrum in the normafitative comparison will be given elsewhere. Finally, the ex-
state for low(solid lineg and high(dashed lineshole concentra-  Ppressior{Eq. (64)] for the quasiparticle weight in the normal
tions, from Eq.(60). For each case two values of the momentum arestate predicts that a quasiparticle peak should be seen in the
shown:e,— u=10 meV ande,— u=20 meV. Parameters used are normal state for sufficiently high doping, which is also con-
g?=4, y=0.75, wo=10 meV, ands,,=10 meV. sistent with observation's.

0.003
0.002 »

0.001

I(k,w) (arb. units)

VII. QUASIPARTICLE SPECTRAL WEIGHT
VIIl. CONCLUSIONS

Z,=S41+n —e 9[1+n(e’~1)]. (64

Here we summarize the qualitative conclusions on the
quasiparticle spectral weight that we can draw from the re- In this paper we have considered a class of models that
sults of the previous two sections. In the normal state, th@ppear to contain key ingredients of the phenomenology in-
quasiparticle weighZ is, from Eqgs.(60) and (46), ferred from a wide range of photoemission and optical ex-
periments in highF; cuprates. This phenomenology is that
T increased coherence is observed both in the normal state
§_1 when the hole concentration increases, and for a fixed hole
i ) . _concentration when the temperature is reduced and the sys-
The first form is general for_ the class of models dlscyssed IRem becomes superconducting. The emergence of coherence
Sec. I, the second the particular case of the generalized Hojys appears to be associated with an increase in the “local”
stein model. In the superconducting state the quasiparticlgayrier concentration. We have pointed out that this phenom-
weight, from Eq.(58), is enology follows from the class of models considered in the
theory of hole superconductivity. In these models, the first
Zs= np[(T_S)f(0)+ka]2' (65 hole Zn a site caupses a large di¥sruption in a background de-
For the particular cas@>S and the generalized Holstein gree of freedom, and the second hole a much smaller disrup-
model, tion. Electron-hole asymmetry thus results as an essential
feature. The resulting low-energy effective Hamiltonian con-
zsznpefgz(eygz—l)zfz(O), (66)  tains a termAt, which leads to superconductivity and is a
. . . . manifestation of the undressing process. We illustrated this
Equatlons(64) and (66) show_ that the _qua5|part|cle weight physics with some simple examples.
will grow both as the system is doped in the normal state and ‘A explicit calculation of the single-particle spectral func-
as the system goes Into the superconducting state. Howevejon for one such model, a generalized Holstein model,
because the factoe{9 —1) appearsquaredin the expres- showed that indeed it exhibits a decrease in the incoherent
sion forZs, the onset of coherence will be more pronouncedcontribution and the emergence of a quasiparticle peak in the
as the temperature is lowered thanrais increased in the normal state as the hole concentration increases. Further-
normal state if that factor is large, which will be the case formore, in the particular case of the dilute limit we showed that
S<1 andT>S. This appears to be the observation in pho-increased coherence also results in the superconducting state
toemission experimentsMore generally, the conditionS  as a result of the formation of the pair wave function. An
<1 andT>S are consistent with the observations of a highapproximate calculation of the one-particle spectral weight in
degree of incoherence in the underdoped regime of cupratethe superconducting state for a more general case will be
and the onset of coherence for a relatively modest increase ifiscussed in a forthcoming paper.
n. Furthermore, in the model of hole superconductivity, that These models have similar consequences for the two-
condition, which is equivalent tAt>t,, andt, very small,  particle Green'’s function, and predict that a transfer of opti-
is required to fit a variety of experimenis. cal spectral weight from high to low frequency in the normal
In this case, one may expect to see a pronounced quastate should occur as the hole doping increases due to the
particle peak emerge as superconductivity sets in even in thendressing process. Furthermore, in the superconducting
underdoped regime. The temperature dependencg,d$  state the undressing process gives rise to an “apparent” vio-
governed byn,, the superfluid weight, which is what lation of the Ferrell-Glover-Tinkham low-frequency optical
is observed experimentallyThe amplitude of the pair wave sum rule’-® accompanied by a decrease in the optical absorp-
function f(0) is found to be essentially independent of tem-tion at high frequencie%® signaling the fact that the super-
perature in the model of hole superconductiviy. conducting condensation energykisetic energy.
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Other models were recently discussed in the literatureneling microscopy spectroscopy of vortex cores in
where the superconducting condensation energy was argu@d,Sr,CaCyOg. 5 (Ref. 40 shows evidence of bound states
to come from kinetic energif:>! However, none of those in the cores, with exponential decay away from the core
models address the questions of from where, and througbenters, and a lack of angular dependence in the density of
which mechanism, the transfer of high-frequency opticalstates, all features compatible with a nodeless order param-
spectral weight occurs. eter and incompatible witl,2.,> symmetry.

Even though the Hamiltonian considered here is related to If it is firmly established that the order parameter is domi-
the model studied by Alexandrov in his theory of bipolaronicnantly of d-wave type in the cuprates, the theory discussed
superconductivity?’ there are fundamental differences. Alex- here in its present form would not be applicable. Even in that
androv’'s model, by not breaking electron-hole symmetry,case, however, we cannot rule out the possibility that a modi-
does not contain the physics of undressing. Also, his moddied version of the present theory might be able to describe
predicts pair formation(bipolarons$ in the normal state, other order-parameter symmetries, and hence could still be
which subsequently Bose condenses. Instead, in the modet$ relevance to the cuprates. In particular, it was recently
discussed here, because of the enhanced pair mobility due hown that certain Hamiltonians with correlated hopping
the undressing process, the transition to the superconductingrms can also give rise @wave superconductivit§*
state occurs through pair binding rather than Bose condensa- In summary, we believe that the basic physics discussed
tion, except in extremely low carrier concentration here is relevant to an understanding of highsuperconduc-
regimes> Finally, we believe that the relevant boson exci- tivity in cuprates. Because of its generality it should also
tations that were described here through the generalized Hokpply to any Fermi-liquid system where the quasiparticle
stein model are likely to be electronic excitations of thedressing decreases as the local carrier concentration in-
atomic shellg?*2*33rather than related to ionic lattice dis- creases, and we suggest that this may be generally the case
placements as in Alexandrov’s work. for metals for which at least some of the quasiparticles in the

The physics of undressing discussed here leads uniquelyprmal state have a holelike character. This is also consistent
to the symmetry of the superconducting state being amvith the empirical observation that superconductivity ap-
swave staté? Currently the generally accepted view, sup- pears to be quite generally associated with positive values of
ported by a large body of experimental evidence, is that théhe Hall coefficient in the normal state, at least in some
superconducting state in the cuprates thas. symmetry, or  directions***3Thus the possibility that this physics may play
at least a very significart-wave component'>®However, an essential role imall superconductors should not be
there are several recent experiments that cast some doubt ercluded**
this picture’’*° For example, the observation that the criti-
cal current density in bicrystal-axis Josephson junctions of
Bi,Sr,CaCyOg, s is independent of twist angle has been
interpreted as indicating that the order parameter symmetry The author is grateful to D. Basov, M. Norman, and H.
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