PHYSICAL REVIEW B 70, 094522(2004)

Change of quasiparticle dispersion in crossingl; in the underdoped cuprates
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One of the most remarkable properties of the high-temperature superconductors is a pseudogap regime
appearing in the underdoped cuprates above the superconducting transition temggrafine pseudogap
continously develops out of the superconducting gap. In this paper, we demonstrate by means of a detailed
comparison between theory and experiment that the characteristic change of quasiparticle dispersion in cross-
ing T, in the underdoped cuprates can be understood as being due to phase fluctuations of the superconducting
order parameter. In particular, we show that within a phase fluctuation model the characteristic back-turning
BCS bands disappear aboVg whereas the gap remains open. Furthermore, the pseudogap rather has a U
shape instead of the characteristic V shape @fa.-wave palrlng symmetry and starts closing from the nodal

k= (7/2,7/2) directions, whereas it rather fills in at the antmotda(w 0) regions, yielding further support to
the phase fluctuation scenario.
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[. INTRODUCTION conventional picture of a granular superconductor, where the
vortices arrange themselves to reside in the insulating re-
More than 15 years after the discovery of the high- gions between the SC grains, up to the existence of a com-
superconductors, the mechanisms leading to their unusupkting order that exists inside the vortex cores. As soon as
properties are still under debate. Especially the pseudogape superconducting order parameter is suppressed inside the
phase, which appears in various experiments below a chayortex core, the system develops the competing order instead
acteristic temperaturd” in the underdoped region of the of going into a normal conducting paramagnetic state and
phase diagram as a reduction of spectral weldhmight be  thus has a much smaller vortex energy compared to a con-
a key to a better understanding of the hiGihsuperconduct-  ventional BCS superconductor. Recently, it was sHothat
ing (SO cuprates. In 1995 Emery and Kivelsoproposed vortices with a staggered-flux core can provide a way to
that the proximity to the Mott insulating phase implies aunderstand the low vortex energy over a wide temperature
strongly reduced phase stiffneds- p(0)/m compared to  range abovd.. In all cases, the small phase stiffness and the
the usual BCS case. This causes the phase ordering tempelaw vortex core energy have the same origin, which is the
ture T,~J to be much lower than the mean-field pair- proximity to the Mott-insulating state.
bmdmg temperatur@¥". Taking this idea one step furtfer In this paper, we present theoretical results on the quasi-
implies that at least part of the pseudogap behavior might bparticle dispersion, which—when compared with experimen-
due to a kind of “preformed” Cooper pairs which form at a tal data—give a clear fingerprint towards a possible phase
temperatureT'=Ty'" well above the actual SC transition fluctuation scenario for the origin of the pseudogap. Earlier
temperatureT, T where phase coherence among thesengle-resolved photoemission spectroscOpRPES results
pairs finally sets in. This phase fluctuation scenario also exhave shown deviations from the simple B@._j.-wave
plains quite natural the strongly enhanced Nernst signaform of the SC gap in underdoped Bi22%2which might be
aboveT, in the underdoped cupratés. due to a change in the pairing interaction in the proximity of
In previous work, we have already shown that indeed &he AF insulating phase. By analyzing the temperature de-
two-dimensional BCS-like Hamiltonian with @2 .-wave  pendence of the quasipartici®P) dispersion, we want to
gap and phase fluctuations, which were treated by a Montshow that the change of the QP dispersion in crosding
Carlo simulation of arKY model, yields results which com- from the SC to the pseudogap region can be understood quite
pare very well with scanning tunneling measurements over aaturally by the assumption that the pseudogap is caused by
wide temperature rande’.Furthermore, this phenomenologi- phase fluctuations of the SC gap. Moreover, the phase fluc-
cal phase fluctuation model was also able to explain the posuation scenario also explains the deviations from the simple
sible “violation” of the in-plane optical integral in under- d,._.-wave form of SC and pseudodajm the underdoped
doped BjSr,CaCuyOg, s (Bi2212).5 cuprates. Using the ARPES with tunable excitation photon
However, for the phase fluctuation description to be corenergy we disentangle bilayer splitting related effects and
rect over a wide temperature range, one needs a mechanistetermine the true dispersion and the leading edge gap
that produces “cheap” vortices, so that the only energy scal@.EG) function corresponding to the bonding band in the
is the stiffness] and the dominating fluctuation channel is pseudogap regime of Pb-Bi2212.
that of the phase of the SC order parameter. Mechanisms that Since belowT, the QP excitations are perfectly BCS like
can lead to a small vortex core energy range from the morenless in the extremely underdoped regibit,is tempting to
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start from the BCS ground state and see how it is destroyequenched averag®ver all possible phase configurations
by including phase fluctuatiod$: with the statistical weight given by the classicdy free
energy

Il. MODEL AND CALCULATIONS
_ _ Flei]=-32) cose — @), (6)

In the following we use a phenomenological phase fluc- (i)
tuation model which has already been shown to successfullynare the phase stiffnesd determines the Berezinskii-

account for the pseudogap observed in tunnelingcosterlitz-Thouless transition temperatufgys to a quasi-
expen_ment%and w_hlch was als_o ab!e to expl_aln the pOSS'blephase-ordered state which we takeTasThe XY free energy
“v_|olat|05n” of the in-plane optical integral in underdoped js gefined on a coarse-grained lattice with Swale of the
Bi2212> We consider the Hamiltonian lattice spacing given by the pair coherence lefRyth,
H=Hq+ Hj, (1) ~_vF/77A. N_ow, the_ underdoped cuprates are in an_intermg—
diate coupling regime between large BCS mean-field pairs
whereHy, is the usual tight-binding Hamiltonian of noninter- and tightly bound BEC pair$:17 with the pair-size coher-

acting electrons on a two-dimensior{@D) square lattice: ence lengthé, given by 3-4 times the basic Cu-Cu lattice
+ T spacing. For a typical 38 36 fermionic lattice, which is nu-
Ho=- tZ (€, Cjo*+ C,Cio) — :“Z Nig- (2 merical feasible, we would only have a® phase lattice on

(ij)o io top of it. This would not allow for any proper temperature

scaling of the phase correlation lengiT) and obscure the

. e _ B Kosterlitz-Thouless transition. Therefore we have chosen to
the ith site of the 2D square lattice ang,=c; ci, is the  setA,=1.0t. This yields&,<1 and allows the Monte Carlo
number operatort denotes an effective nearest-neighbor(MC) phase simulation to be carried out on the sdmeL
hopping term andu is the chemical potential. The angles lattice that is used for the diagonalization of the fermionic
(--+) indicate sums over nearest-neighbor sites of the 2DHamiltonian® In addition, the choice oA¢.=1.0t automati-

Here,ci:rg (ci,) creategannihilate$ an electron of spirr on

square lattice. cally introduces the important short distance cutoff. Finally
The second part of the Hamiltonia, contains a BCS- Wwe setT,~3T", where we had the scanning tunneling mi-
like d-wave interaction, which is given by croscopy(STM) experiments of Ref. 1 in mind.
cgat A
Hy= =02 (ATKA + AKAR), &)
i5 lIl. EXPERIMENTAL DETAILS

with & connecting nearest-neighbor sites. The coupling con- The ARPES experiments were carried out using angle-
stantg stands for the strength of the effective next-neighbormultiplexing electron energy analyzers. Spectra were re-
dee-y2-wave pairing interaction. The origin of this pairing in- corded either witth»=21.218 eV photons from a He source
teraction is unimportant for the further calculation. It can beor using radiation from the U125/1-PGM beamline at the
either of pure electronic origin, like spin fluctuations, or pho-BESSY synchrotron radiation facility. The total energy reso-
non mediated. The only important thing is that there exists afdtion was set to 17 meMfull width at half maximum
effective pairing interaction that produces a finite local(FWHM)] at h»=38 eV. The angular resolution was kept
dee-y2-wave gap as one goes below a certain temperature below 0.2° both along and perpendicular to the analyzer
In contrast to conventional BCS theory, we consider theentrance slit. Data shown in Fig. 4 were taken with

pairing-field amplitude not as a constant real number, buf.2°x0.3° angular resolution. The data were collected on
rather as a complex number two similar underdoped, modulation-free single crystals of
. Pb-Bi 2212(T,=77 K).
L 7 N N N N N AT
<Ai6 = \f’§<ciTCi+5L CiLCi+é”r> =A € “is, (4)

. . . IV. DISCUSSION OF RESULTS
with a constantmagnitudeA and afluctuatingbond-phase

field ®;5. In order to get a description, where thenter-of- A. Dispersion

massphaselséofthe Cooper pairs are the only relevant degrees rjgre 1 shows the quasiparticle dispersion calculated

of freedom;,” we write thed,z-yz-wave bond-phase field in - tm our phenomenological phase fluctuation model for 10%

the following way: doping ((n)=0.9. The spectral weight is plotted along the

(0,0)— (7,0)— (7, ) direction through the Brillouin zone

(BZ). The free dispersion would cross the Fermi surface
(o7 + @92+ for Sin they direction, close to the(sr,0) point. One can clearly see that the char-

) ) acteristic(back-turning Bogoliubov quasiparticle band dis-
whereg; is thecegter of masghase of a Cooper pair local- appears in the pseudogap state alifvénstead, one obtains
ized at lattice sita. a sharp quasiparticle dispersion which runs straight towards

In order to account for the proximity to the Mott insulat- the Fermi energy and then fades out at a distance of the order
ing state and thus the low superfluid density, we perform a&f the SC gapAg. This is in complete agreement with the

- (@i + @1 5)/2 for & in the x direction,
6=
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-4.00l bution of the photoemission intensity along the direction shown as a
00) 10) ) red arrow on the sketch below. The BCS-like dispersion is clearly
observed for the bonding ban@h) Pseudogap state. No more bend-
BCS ing back of the dispersion is observed. Instead, spectral weight
0.00 fades upon approaching the Fermi level.
-0.50
K - characteristic temperature dependence of the scanning tun-
= .1.50 . ) .
2w " neling gap in the underdoped cupratés,where the
é_m P pseudogap fills in instead of closing. Interestingly, not only
00— SC fluctuationg? but also staggered flux fluctuatidsan
350Lgt lead to this temperature dependence of the,0)-
4.00‘ photoemission peak.
©00) @0 i The disappearance of the characteristic BCS bands above

T, within the phase fluctuation picture can be understood by
FIG. 1. Spectral weightA(k,w) in the pseudogap state the factthatthe BCS wave function is a coherent superposi-
(T=2.0T,, top) and in the superconducting state slightly below tion of wave functions with a different number of electron
T. (T=0.75T,) calculated from the phase fluctuation model. For pairs’®
comparison we also show the spectral weight for the phase coherent

BCS limit (bottom). [Weco = [T (uc+ vy CETCJIklN b0 =2 MWy, (7)
k N

expenmentally qbse_rved dispersion in underdoped BI221%/vhere|\IfN) is an N-particle wave function. The quantum-

which is shown in Fig. 2. hanical tainty in th ticl ber is qi b
The angle-resolved data presented in Fig. 2 provide an echanical uncertainty in the particle humber 1s given by

insight into how the pseudogap is actually created kedn

the superconducting state a characteristic BSC-like back-

dispersion is easily seen. This clarity is achieved by the care- ) - o ]

ful choice of the excitation photon energy. Exactly near ~ NOw vi=1-uj is the momentum distribution function for

=38 eV the emission probability for the bonding band isT=0 and the2 wez|ght of a quasiparticle peak at momenkum

much higher than for the antibonding bahé and bilayer- IS given byv (uj) for E<E; (E>Ey).

related complications are thus avoided. AboVg in the In the normal metallic state with=0, one gets a sharp

pseudogap state the characteristic BCS behavior is replacédtoff in vf (uf) at the Fermi wave vectok=k; so that

by the straight dispersion and strong depletion of the spectrdAN)?=0. In the BCS superconducting state, howewgr,

weight towardsE;, which, as will be shown below, still (uﬁ) are finite also beyond the Fermi wave veckarwhich

leaves the energy gap in the spectrum. means that also fde>k; (k<<k;) one gets spectral weight at
Furthermore, Fig. 1 shows that the sharp quasiparticle feeE <E; (E>E;). This produces the characteristic BCS band

tures close to them, 0) point are getting lost abovE, within - structure, with bands approachirig from below (above

the phase fluctuation model. The sharp coheften0) peaks and then turning back to higher bindingyuasiparticlge

dissappear and broad incoherent weifjltg in the gap. Ex- energies.

actly this behavior was observed before in photoemission Now let us see what happens if one introduces an arbi-

studies of the pseudogaf¥23and is also responsible for the trary phase factor into the BCS wave functin

(AN)? = 4>} uv?. (8)
k
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W) =TT (Jud + Jode® cfichi)l o) (9) T=2.00Tc (Pseudogap)
k

Integrating over all possible phases yiéfls

2
wo= [ de ™I + e o oo
0 k

A(K)

2
- fo dg e N2 ), (10)

This means that one projects into an exact particle-number
eigenstate by making the relative phase of the Cooper pairs
completely uncertain. Equatiof8) is a special case of the T=0.75T.
general uncertainty relation between phase and particle num- )
ber:

(n/2,1m/2)

ANAp=1. (11)

The above-described behavior corresponds to what is hap-
pening in the phase-fluctuation model as a function of tem-
perature. Starting from a phase coherent stat€=aQ with
Ap=0, the particle number is completely uncertain wkN
given by Eq.(8). With increasing temperature, ogeadually
projects into a state with exact particle humber M the

A(K)

0.30
0.20
0.10

temperature range where the phases are completely uncorre- (m.0) (n/2,m/2) (0,m)
lated (¢~ &;), one then obtaindN=0, and the back-turning
BCS bands must completely dissappéhise weight for BCS
k>k;, as seen in Figs. 1 and.2At finite temperatures, this 1.00
situation corresponds to a classical grand canonical average 0.90
over ensembles with a different number of particles, where 0.80
each state has a well-defined particle number and is no 0.70
longer a coherent quantum-mechanical superposition of < 060
states with different number of particles. Thus, we obtain a 5 00 l I
crossover from a BCS-like phase-ordered band structure to g;‘g l l
a completely new phase-disordergiseudogappedband 0:20
structure. 0.10 !.!
(n.0) (W/2,m/2) O,

B. Superconducting gap and pseudogap

Next we want to elucidate the effect of phase fluctuationstop;: Ii'ng‘ ﬁ]aptr:l;ncéll?;gr(;))nlgutcht?ngsil:g?egagliztr?tl(j:tf.e(l)on(z

on thek dependence of the quasiparticle pairing gap. There(r=0.75T,) calculated from the phase fluctuation model. For com-
fore, we have plotted in Fig. 3 the quasiparticle dispersiomarison we also show the BCS gap functimottor.

obtained from MC simulations of the phase fluctuation
model along the Fermi surface of the free dispersito at
half-filling ((n)=1.0). This gives us effectively the gap func-

tion A(Iz). As can be seen in Fig. 3, beloly one obtains the
characteristid/ shape of a gap withl,2_2 pairing symmetry.
As the temperature is raised, the quasiparticles peaks a
getting broader. In the pseudogap state ap‘vae spectral of a BCSd.,2-gap. For comparison, Fig. 4 shows the ex-

weight is getting rather incoherent close we(w,0) as Was  perimentally observed pseudogap in underdoped Bi2212.
pointed out before. However, close to the nodal point of theyne can clearly see that the experimentally determined
gap function one still obtains a sharp quasiparticle diSperpseudogap has exactly the U-like form that we have obtained
sion. There, one can clearly see spectral weight shifting ¢.om the phase fluctuation model. This deviation from the
lower binding energies which produces extended gapless e 4, ,-wave form was also observed in the supercon-
regionin the pseudogap state closeke(m/2,7/2) instead  ducting state of very underdoped cuprates and interpreted as
of the nodal point in the superconducting state bel@w higher harmonic contributions to the pairing functich.
This behavior is in complete agreement with photoemissiorHowever, these experimental results just might indicate the
experiment$23which show that the pseudogap starts closingpossible relevance of quantum phase fluctuations in this re-

from IZ=(77/2,77/2) where one obtains a finite Fermi arc but
ratherfills in at |Z=(7T,0) exactly as in Fig. Jtop).

Furthermore, the pseudogap(IZ) obtained from phase
luctuations of the locati,2_y2 pairing amplitude rather has a
-like shape(see Fig. 3, topthan the characteristic V shape
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40F V. SUMMARY AND CONCLUSION

30 In conclusion, we have elaborated the important role that
i phase fluctuation effects might play in the underdoped cu-
prates. With a detailed comparison between theory and ex-
periment we were able to show how phase fluctuations influ-
ence the quasiparticle spectra. In particular the disappearance
of the BCS-Bogoliubov quasiparticle band &t and the
change from a more V-like superconducting gap to a rather
0 20 40 60 80 U-like pseudogap abovE; can be explained in a consistent
way by assuming that the low-energy pseudogap in the un-
derdoped cuprates is due to phase fluctuations of a local
dy2_y2-wave pairing gap with fixed magnitude. Furthermore,
phase fluctuations can explain why the pseudogap starts clos-
ing from the nodal points, whereas it rather fills in along the
antinodal directions.

20}

Relative LEG (meV)

10}

FIG. 4. Values of the leading edgeseudo gap (LEG) as a
function of the Fermi surface angle within the quadrant of the Bril-
louin zone(see lower panglgiven with respect to the binding en-
ergy of the leading edge of a nodal energy distribution curve. The
curve joining the low-gap extremity of these data points would Wi d like t K led fl di . q
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