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Collective modes and the superconducting-state spectral function of EBr,CaCu,Og
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Photoemission spectra of the high-temperature superconduc®r®aCyOg near(,0) show a dramatic
change when cooling beloW, : the broad peak in the normal state turns into a sharp low-energy peak followed
by a higher binding-energy hump. Recent experiments find that this low-energy peak persists over a significant
range in momentum space. We show in this paper that these data are well described by a simple model of
electrons interacting with a collective mode that appears only b&low S0163-18208)51318-3

Angle resolved photoemission spectroscOpRPES has  has been worked out in detail in the classic literature of
become one of the key tools used to elucidate the physics atrong-coupling superconductors, where the mode is an Ein-
high temperature superconductors. It has produced a numbstein phonor.In the current case, though, the effect of the
of important observations concerning the nature of the normode only appears beloW., and therefore implies a collec-
mal and superconducting phases. Examples are the existenie mode of electronic origin. Still, the mathematics is
of a large Fermi surface, and an anisotropic energy gap in thiargely equivalent. What we show in this paper is that this
superconducting and pseudogap phasese most interest- simple model gives a good quantitative fit to the data.
ing aspect of the ARPES data, though, is the unusual nature We begin by discussing self-energy effects in supercon-
of the spectral lineshape and how this lineshape changes aslactors. For now, we ignore the complication of momentum
function of doping, momentum, and temperature. Perhapdependence. The lowest-order contribution to electron-
the most profound example in this regard is the temperaturelectron scattering is represented by the Feynman diagram
dependence of the lineshape near tfe0) point in  shown in the inset of Fig. 1. In the superconducting state,
Bi,Sr,CaCyOg (Bi2212). A very broad normal-state spec- each internal line will be gapped ky. This implies that the
trum evolves quite rapidly beloW, into a resolution limited  scattering will be suppressed flas| <3A .2 This explains the
quasiparticle peak, followed at higher binding energies by gresence of a sharp resolution-limited quasiparticle peak at
dip then a hump, after which the spectrum is equivalent tdow temperatures. What is not so obvious is whether this in
that in the normal stat&:* Similar effects have been seen in addition explains the strong spectral dip. Explicit calcula-
tunneling spectra, where it has been found that all of theséions show only a weak diplike featufelo understand this
spectral feature@eak, dip, and humpscale with the super- in detail, we equate the bubble plus interaction lifigig. 1
conducting gap. This implies that the electron self-energy inse) to an “a?F” as in standard strong-coupling
has a dramatic change belolwy . literature! In a marginal Fermi liquid(MFL) at T=0,

In a recent paper, our group has shown that the low ena?F(Q) is simply a constant i). The effect of the gap is to
ergy peak persists over a surprisingly large range in momen-
tum space along théer,0)-(0,0) and (r,0)-(r,7) directions®

As argued in that paper, this result can be connected to the — o
change in lineshape with temperature noted above. The idea mode :.:

is that the dip in the spectrum &t,0) implies that the imagi- A i
nary part of the self-energy, n has a steplike drop from a k0 k-q0-Q k,o

large value at binding energies larger than the dip to a small
value for smaller energies. This step behavior has recently
been verified by us by a direct extractionX®from the data.

By Kramers-Kronig transformation, then, Rewill have a
strong peak at the dip energy. The consequence of thisisthat | | | gap
there will always be a low energy quasiparticle pole trapped
on the lower-binding energy side of the dip energy, even
when the normal-state binding energy is quite large. It is this Q) 2A
effect which we believe leads to the persistent peak.

This raises the question of what kind of microscopic pic-  F|G. 1. a?F for three models, MFL(dashed ling gapped MFL
ture can lead to such behavior. As discussed in our paer, (dotted ling, and gapped MFL plus modelotted line plus func-
step edge in IR is equivalent to the problem of an electron tion). Inset: Feynman diagram for the lowest-order contribution to
interacting with a shargdispersionlegsmode. This model 3 from electron-electron scattering.

o’F (Q)

Q
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by 3A, which is also in agreement with experiment in that
the normal and superconducting state spectra agree beyond
90 meV®

We contrast this behavior with that expected for a simple
d-wave model. To a first approximation, this can be obtained
by replacing the step drop in Bnin the MFL plus mode
model with (w|—A)® for |o|<3A.! This is shown in Fig.

2(a) as well, with the resulting spectrum in Figia2. Only a

weak dip appears. Moreover, we have analyzed models with

the exponent 3 replaced by someand have found thab

(b) \ must be large to obtain a dip as strong as seen in experiment.
v Therefore, the upshot is that at the least, something similar to

a step is required in I to be consistent with experiment.

In principle, we could take the above MFL plus mode
FIG. 2. (@) Im3 for MFL (solid line), gapped MFL(dotted ling, model and fit experiment with it. In this paper, though, we
gapped MFL plus modédashed ling and simpled-wave model  consider a simpler model. There are several reasons for this.
(dashed-dotted line Parameters aree=1, v,=200 meV,A=30  First, the MFL model has a number of adjustable parameters

meV (0 for MFL), 2,=2A, andI'¢=30 meV. (b) Spectral func-  associated with it. There is the coupling constém), the
tions (times a Fermi function witif =14 K convolved with a reso-  cytoff frequency (.), and the mode energyhich is not in
lution Gaussian ofe=7.5 meV) for these four CaseSEF—34 genera| A) Moreover, the Spectrum fdg points near the
meV). (,0) point does not appear to be MFL-like in nature. We
) ) ) have found that the normal-state Bi2212 spectrum is fit very
force o°F to zero for Q<2A. The question then arises el by a Lorentzian plus a constant in an energy range less
where the gapped weight goes. It could be distributed tqhan 0.5 eV. This is also true for Bi2201 spectrum where the
higher energies, but in light of the above discussion, wWenormal state can be accessed to much lower temperatures.
might expect it to appear as a collective mode inside of therhe constant term represents the so-called “background”
2A gap. For instance, this indeed occurs in fluctuation-contribution, and is essentially equivalent to spectrumkfor
exchange calculations where the bubble represents spBk_ where it is also seen that the background gets gapped
fluctuations,’ in which case a sharp mode will appear if the by A in the superconducting state. There are several possi-
condition 1-Ux,(q,£2) =0 is satisfied fod<2A. These pjlities for what the background could be due to, and in fact
three caseMFL, gapped MFL, and gapped MFL plus could be a combination of all of thesét) incoherent part of
mods are illustrated in Fig. 1.~ ~ A, (2 inelastic secondarie$3) emission from the BiO lay-

3 is easy to obtain analyticaflyif we ignore the compli-  ers, (4) diffraction of the photoelectrons by the surface BiO
cation of the superconducting density of states fromkhe |ayer, etc. Since this has little to do with the peak/dip/hump
—(q line of Fig. 1 and just replace this by a step functiodat  structure, we choose to subtract this off, but note the caveat
The resulting I, for the gapped MFL and gapped MFL that this is an incomplete description if part of the back-
plus mode models are shown in FigaRin comparison to  ground is intrinsic. Finally, the Lorentzian simplification al-
the normal-state MFL. Note that structurediF at Q ap-  |ows us to directly obtain the dispersieq from tight bind-
pears inX at|w|=Q+A due to the gap in th&—q line.  ing fits to the normal-state peak positichs.

Moreover, the MFL plus mode is simply the normal-state |n the resulting Lorentzian model, the normal st3tés

MFL cut off at 3A (thlS is obtained under the aSSUmption thatpure|y an imaginary constant, anﬂzF is a mode at zero

all the gapped weight in®F shows up in the modeIn  energy. In the superconducting state, this mode gets pushed
contrast, the gapped MFL decays linearly to zero/atBhis  pack to some energy within2 This model is artificial in the
gapped MFL form is not changed that much if one actuallysense that all the self-energy is being generated by the mode.
solves the strong-coupling equations ®randA.° (For an  That is why we went through the above discussion motivat-
s-wave gap, the linear behavior of Bnis replaced by a ing the mode more properly as a rearrangement®t due

e
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square-root behavipr to the superconducting gap. In practice, though, the results
The spectral function is given by are very similar to the MFL plus mode model, and has the
further advantage of having the several parameters of that
1 Zo+e model collapse to just the mode strength, and mode
Alw)= ;'mm’ @ position () of the Lorentzian model. Moreover, analytic

results can still be obtained f& when the superconducting
with (a complex Z(w)=1—3(w)/w. These are shown in density of states for th&—q line of Fig. 1 is taken into

Fig. 2b) and were convolved with a Gaussian @f7.5  account. The result is
meV, typical of high resolution ARPES, with a constant

ImS (') added forlw|>A to reduce the size of the quasi- M2 (@) =ToN([w]) +T'1N(jo[=Q), |0]>Qp+A
particle peak. We note that there is no dip as such for the _

gapped MFL model, whereas the addition of the mode FoN([e]), A<[o[<€o+A

causes a significant dip. The latter behavior is consistent with =0, |o|<A, 2

experiment. Moreover, the mode model has the additional
advantage that I& recovers back to the normal-state valuewhereN(w) = w/\Jw?— A? is the BCS density of states, and



RAPID COMMUNICATIONS

57 COLLECTIVE MODES AND THE SUPERCONDUCTING. . . R11 091
T T T T T T T
s 400 __ 400\ -®- experiment K
g 300 > —— theory
S \g
Pé] 200 £ 3001 _
= 100 £~
0 g
. 4 200f .
[
e :
<
) % 100 .
€ 4 5
2L B w2
,_/ K
0 L . I . I . O . 1 . 1 . 1 . 1
=200 -150  -100  -50 0 0 100 200 300 400

Normal state peak position (meV)

® (meV)

(© FIG. 4. PositiongmeV) of the sharp peaklower sej and the

5 | broad humpupper setin the superconducting state versus normal-
state peak position alongr,0)-(0,0). Solid points connected by a
dashed line are the experimental déRef. 6), the solid lines are
obtained from the calculations, and the dotted line represents the
normal-state dispersion.

Intensity

agreement with experiment. In Figgb3and 3c), we show

a comparison of the resulting spectral functi@onvolved
L T e | with the experimental energy and momentum resolution

-600 -400 -200 O 80 40 0 experimental data dtr,0) for both wide and narrow energy

® (meV) ® (meV) scans, where a step edge background with a gap of

added to the calculated spectrum as discussed above. The

resulting agreement is excellent.

To better appreciate these results, the positions of the
sharp peak and the higher binding energy hump obtained
from the calculations are plotted relative to the normal-state
binding energye, along the(0,0)-(r,0) direction, and com-
pared to those obtained from the experimental data of Ref. 6

FIG. 3. (@ ImX and R& at (m,0) from Egs. (2) and (3)
(I'y=200 meV,I'(=30 meV,A =32 meV,Q,=1.2A). Comparison
of the data a{,0) for (b) wide and(c) narrow energy scans with
calculations based on Egd)—(3), with an added step edge back-
ground contribution.

— [ 2 2
7RE (0) =[oN(— o) In[| - 0+ Jo~ A%|/A] in Fig. 4. This plot is very similar to that obtained for elec-
trons interacting with an Einstein modeThe calculations
+IIN(Qo—w) reproduce the dispersionless nature of the low-frequency
XIn[|Qg— 0+ (@— 0g)2—A2|/A] peak, as well as its lack of visibility fok vectors close

enough ta0,0). The dispersionless behavior is due to several
o — o} 3) factors: (1) the weakness of the dispersiegp near(7,0), (2)

' the lowering of(Q}y~ A, as one moves toward8,0), and(3)
where it has again been assumed thas a real constant in the influence of both R& and A. The last is a new effect
frequency. Ans-wave density of states has been used tovorth commenting on. The real part of the self-energy im-
obtain an analytic result. A-wave density of states will not plies a mass enhancemerZ>1) in the superconducting
be that different. The advantage of an analytic result is that itate relative to the normal state, which acts to push spectral
is useful when having to take spectra and convolve withweight towardsEg. On the other hand) itself pushes spec-
resolution to compare to experiment. Our results are not veryfal weight away fromEg. Thus the dispersion is dramati-
sensitive tol’y (30 meV), included again to damp the quasi- cally flattened relative to the normal state.
particle peak(A more realistic damping of the peak would  In the above calculations, it was assumed that the mode
require makingA complex) We use the same set of param- frequency was proportional @, . This was the easiest way
eters for allk (I';y=200 meV}, and therefore assume a We found to properly simulate the loss of the experimental
d-wave gapA = A a(Cosk@) —coska))/2 in Egs.(1)—(3) low-frequency peak as one disperses towdfjf). In real-
with A ,,,=32 meV. The best agreement with experiment isity, (o is a function ofq in the diagram of Fig. 1, nok.
found by choosing the mode enerfly=1.2A,, so that the Moreover, it was our assumption of independencélgfon
spectral dip for ¢r,0) is at 2.2 a2 g that allowed us to obtain a step drop in3meading to the

The resulting realEq. (3)] and imaginanfEq. (2)] parts ~ spectral dip. Without some microscopic theory, only qualita-
of 3 at (,0) are shown in Fig. ). Note the singular be- tive observations can be made at this stage concerning the
haviors atA due to thel'o term and af),+ A due to thel';  true dependence & on momenturk.** Assuming an arti-
term. In both cases, step drops indmvould also give sin- ficial limit where onlyq=Q= (, ) contributes, we would
gularities in R&. The advantage of peaks in Ex(due to the  replacel';N(w+ Qo) in Eq. (2) by gﬁvk+QAk+Q(w+Qo)
density of statesis that it makes the dip deeper in better (for «<<0), whereg is the interaction vertex. Using a qua-
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siparticle pole approximation foA when solving Eqs(2) done on a rod of aligned small crystals. Our results here
and (3), this would imply a dip in the spectrum atv| would imply that such experiments on large single crystals
=E+ o+ Qo Where Ef= ef/(Rez,)>+ Af, and a persistent would be of interest.

low-frequency peak iZ is large enough. The coupling &f In conclusion, we have shown that a simple model of an
andk+ Q in the self-energy equations also implies that if a€lectron interacting with a collective mode in the supercon-
low-frequency peak exists fdt, then one also exists fd¢  ducting state gives a quantitative description of the unusual
+Q. This is just the effect observed in the data alongspectral lineshape seen by ARPES data in the superconduct-
(m,0-(m,m),% in that a low-frequency peak exists for about ing state of Bi2212. This implies that electron-electron scat-
the same momentum range as that alénag)-(0,0). It re-  tering plays a dominant role in high-temperature supercon-
mains to be seen whether such simple momentum dependeictors, and is in support of an electron-electron origin for
models give as good a fit to the spectra as the dispersionle8ge pairing.

model presented here.

Finally, it is interesting to note that the mode energy we We thank J. C. Campuzano and Mohit Randeria for many
infer from the data is 41 meV, equivaleffirobably fortu-  discussions on these issues. This work was supported by the
itously) to a resonant mode energy observed in YBaO, U.S. Department of Energy, Basic Energy Sciences, under
by neutron scattering ddfaat Q=(w,7). The models pro- Contract W-31-109-ENG-38, National Science Foundation
posed for this mode are similar to the model discussed in thi§rant No. DMR 9624048, and Grant No. DMR 91-20000
paper™® So far, neutron-scattering data on Bi2212 have yethrough the Science and Technology Center for Supercon-
to see a similar structuré,although these experiments were ductivity.
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