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Momentum distribution curves in the superconducting state
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We demonstrate that thE vs k dispersion in the superconducting state extracted from momentum-
distribution curves differs qualitatively from the traditional dispersion extracted from energy-distribution
curves. This occurs because of a combination of many-body effects and the presence of an energy gap, along
with the associated coherence factors. Analysis of such momentum-distribution-curve dispersions can give
important information on the microscopics of high-temperature superconductors.
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Traditionally, practitioners in angle-resolved photoemis-is roughly linear ink in the energy range of interest. In the
sion spectroscopyARPES have analyzed data at fixed mo- range of 20-60 meV, the superconducting dispersion is also
mentum as a function of binding energy, so-called energyinear, but with a slope approximately half that of the normal
distribution curves(EDC’s). Recent advances in analyzer state, as noted earligiThis implies an additional many-body
technology have allowed the probing of electronic states viaenormalization of the superconducting-state dispersion rela-
ARPES to a much higher precision in momentum space thative to that in the normal state. Another effect of this renor-
previously attainablé.This has led to the realization that malization can be seen at binding energies higher than 60
additional information can be obtained by analyzing data atmeV, where the dispersion goes almost vertical before recov-
fixed binding energy as a function of momentum, so-callecering back to the normal-state dispersion.
momentum distribution curve@DC'’s). Such MDC's have To understand this effect in greater detail, we compare in
been used in high-temperature cuprate superconductors forRilg. 1(b) the dispersions in the superconducting state ob-
variety of purposes, including the testing of the marginaltained from MDC's and EDC'’s. As noted in an earlier paper,
Fermi-liquid hypothesié;? and the elucidation of a disper- the EDC dispersions contain two branches, a lower-binding-
sion kink along the nodal directichthe origin of which is  energy “quasiparticle” branch, and a higher-binding-energy
currently being debatetf.’ branch[known as the “hump” in the {,0) region. We see,

Analysis of MDC'’s in the normal state, or in the super- then, that the vertical part of the MDC dispersion corre-
conducting state along the nodal direction, is relativelysponds to a crossover between the low-energy and high-
straightforward because of the absence of an energy 4ap. energy EDC branches. These effects are typical of electrons
we demonstrate in this paper, qualitative changes occur iimteracting with a bosonic mode® and the mode in the
the MDC'’s due to the energy gap. By analyzing MDC dis-current case has been identified as a spin exciton by some
persions, one can gain important information on many-bodyauthord®>” and a phonon by othefsAs can be seen from
effects in the superconducting state. Fig. 1(b) and also noted aboVé-ig. 1(a)], the renormaliza-

The data reported in this paper were obtained at the Syrtion is anadditional effect associated with the superconduct-
chrotron Radiation Center, Wisconsin, using a Scienta SE#g state, and thus unlikely to be due to a phonon.

200 analyzer, and were previously used in earlier wokk. Moreover, in Fig. 2, we show the MDC and EDC disper-
photon energy of 22 eV was employed with the optimal
doped T.=90 K) Bi,Sr,CaCyOg, s (Bi2212) sample in a 0 —— 77—
I'-M polarization geometry. The chemical potential was de- @ go@?
termined from a polycrystalline Au sample in electrical con-  -201 [ . g A
tact with the Bi2212 sample. M
As previously reportedwe have taken data for a number _ “4°F K 1

of momentum-cuts in the Brillouin zone both in the normal 73
and superconducting states. In this paper, we will concentrateg
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our attention on a particular momentum-cut intermediate be- /| v | i

tween the ¢, ) direction, where the superconducting gap £ 150 | . - wmoc |4
vanishes, and then(,0) region, where the superconducting -1g0| . My
gap is maximal. The reason for avoidingr,Q) is that a ,:':

combination of matrix-element effects, superstructure im- -120 " ———1 1 -200 —
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ages, and the pseudogap complicate the interpretation o oy ky

MDC's in this region of the zorfe(for the chosen cut, these
complications are not presgnMDC and EDC dispersions FIG. 1. (3 MDC dispersion in the superconducting st4&C,
were obtained from the maxima of the respective curves. T=40 K) versus that in the normal stathlS, T=140 K). (b)

In Fig. 1(a), MDC dispersions are shown in both the nor- MDC versus EDC dispersion in the superconducting stgtés in
mal and superconducting states. The normal state dispersiamits of 7w/a. For this momentum cuk,=0.597/a.
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FIG. 2. MDC and EDC dispersions in the superconducting state FIG. 3. Theoretical MDC dispersion in the superconducting
from the spin-exciton model of Ref. 127’10 meV, mode energy state.(a) Curves correspond to EqR) (BCS), second term in Eq.
0 =39 meV, coupling constang=0.65 eV, maximum gap\, (2) only (BCSV), and Eq.(3) (phen. The circles are the BCS-energy
=46 meV). The energy resolutionis=1 meVin(a) and 7 meV  dispersion,w=—E,. The parameters are listed in the tedt (
in (b). In (a), the weak kink in the EDC quasiparticle branch marks =15 meV).(b) Results from Eq(2) as a function of the broaden-
the mode energy, which is washed out(in due to resolution. The ing parameter.
higher-energy structure associated with the S shape in the MDC
dispersion is due to the strong frequency dependence of the selfrivial dependence on momentugthat is, it is not linear in
energy around\,+£). k), and thus invalidates a simple Lorentzian analysis of the

sions calculated from the spin exciton mofelThis model MDC.S' This behavior is characteristic of any system that
ntains an energy gap.

describes the interaction of the electrons with the sharp magC—OWe have thus looked at a simple model to describe the

netic resonance seen in the superconducting state by inelasti C superconducting dispersion in the low-eneray range
neutron scattering. We see that this calculation gives a good. P g disp X ~Nergy range.
imple BCS theory will not work, since by definition it has

description of the experimental data of Figb}l and dem- solution in the subgap energy rarigee spectral function
onstrates the pronounced effect of momentum—depender!i‘lo olution In t ubgap v 'gjaae P unctic
n this case is just & function). The simplest generalization

many-body interactions on the shape of the MDC and EDC 1A,
dispersions. This calculation also reproduces the differenct 0 Use & self-energy of the fo
between the MDC and EDC dispersions in the “linear” re- . 2 .
gime (20—-60 meV, which as we demonstrate below, does =il Ad(otectilo). @
not occur in a BCS model. The difference in the spin-excitonThe case wher&,=T',=T is just a broadened version of
case is associated with the nontrivial frequency dependenage BCS theordf and we find that it gives a good account of
of the electron self-energy, which occurs because of the preshe data.
ence of a sharp energy scale associated with the magnetic For A, , we assume al-wave energy gap of the form
resonance. That is, the two dispersions differ since the MDCAO[cos((Xa)—coskya)]lz whereA, is fit by the energy of the
probes the self-energy as a function of momentum at fixegquasiparticle peak in the EDC at the Fermi momentum. We
frequency, whereas the EDC probes the self-energy as ffhd thate, is consistent with our earlier tight-binding fit to
function of frequency at fixed momentum. normal-state datd if a scaling factorz is introduced to ac-
For the remainder of the paper, we concentrate on th@ount for the additional many-body renormalization of the
low-binding-energy range, where the data are characterizeg|perconducting-state dispersion relative to the normal-state
by a renormalized “quasiparticle” branch, and a simpler gispersion discussed above in the context of Figfot the
analysis of the data is possible. Returning to Fi@),lwe  momentum cut considered here=0.61). The EDC peak
note that for binding energies lower than 20 meV, the MDCgpergy, 24 meV, sets, to be 46 meV. At this stage, we will
dispersion in the superconducting state goes almost verticgyssume that all the broadening is dud'tavhich is obtained
and at zero energy it is close to the normal-state Fermi moyy fitting the top of the EDC peak at the Fermi momentum

mentum. By looking at Fig. (b), where the MDC and EDC  (giving 15 me\j. The effect of energy and momentum reso-
dispersions are compared, we notice that the upturn in thgtion broadening will be treated later.

MDC dispersion corresponds to entering the subgap region |n Fig. 3(a), we show our theoretical MDC dispersion and
identified from the EDC dispersion. _ ‘compare it to some alternate theoretical curves to be dis-
Unfortunately, a model-independent analysis of the data ig;ssed below. To appreciate these results, we remind the

somewhat impractical, as noted in passing in an earliefeader that the broadened BCS spectral function can be writ-
paper’ This can be easily seen by a quick look at the BCSten a4416

theory. In this theory, the effect of superconductivity can be

representt_ad by a self energy Qf the foﬁﬁ/(w+ ek+_i0+), uﬁl“ vﬁl“
where A, is the superconducting energy gap andis the TAK, )= — >t > 2
normal-state dispersion. Note that this self-energy has a non- “+(o—E)* T'“+(o+Ey)
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where u, and vy are the BCS coherence factors, aBg ; ——— " | csh—— )
- . . . . [|——BCS ——BCS
= e+ AZ are the BCS-quasiparticle energies. The simplest ' || phen Y | R p— phen - ep

MDC is for @=0. In this case, the right-hand side simply
reduces tol'/(I"*+ EE). Ignoring the weak variation oA

with k, one has a peak centeredet=0, i.e., at the Fermi
momentumkg. An important point is that for this case, the &
coherence factors drop out, and it is for this reason that the , ,|
peak is atkr.

MDC

Now considerw <0 (occupied statgsbut within the sub- 0.0
gap region. If it were not for the coherence factors, the MDC
peak would still be centered kg, i.e., the dispersion would ol ‘ LR . . N
be vertical. But, the coherence factors skew the peak to be 0 01 02 03 04 0 01 02 03 04
centered ak<kg. This trend becomes more pronounced as ky ky

F, |ncre.ase's as an be seen in Figo)3where the MDC FIG. 4. (a) Theoretical MDC in the superconducting state from
dispersion mcr_easmgly resembles the _norma_l state. Eq. (2) (BCS and Eq.(3) (phen, compared to experimeriopen

As an exercise, we show the MDC dispersion in FI®d3  (jrcleg. w=—30 meV and’=15 meV.(b) Same results, but in-
but where only the second term in E@) is included. This  ¢jyding energy resolutiond=7 meV, =10 meV).
corresponds to ignoring the influence of the unoccupied (

>0) dispersion branch on the occupied MDC&<0). In ) o y .
this case, the MDC dispersion becomes vertical in the supS Pecause of the peculiar “coherence” factors, which lead to

gap region, but with anw=0 value significantly displaced @& Sharp second peak in the MDC for kg corresponding to
from kg, the displacement being due to the skewing causeé® particle-hole image of the dispersion for positive as
by thek dependence of,. Physically, this behavior could Shown in Fig. 4a) [the sharpness is due to the removal of
occur if thel™ value for the first term in Eq(2) was signfi-  Proadening in the pairing part of the self-energy in Eg]J.
cantly smaller than that for the second tefim which case This subsidiary peak is strongly reduced in E2). (consis-
the first term would not influence the MDC'’s far<0). We  tent with experiment as can also be seen in Figag To test
note that several microscopic theories for the cuprates do ithis further, we have done two-dimensionatk intensity
fact predict this behavidr. That is, the broadening is signifi- plots, and find that Eq2) gives an intensity profile similar
cantly reduced for unoccupied states as compared to occts experiment. This is in contrast with results obtained from
pied ones. Therefore, we see from the difference in the sulEq. (3), reminiscent of pure BCS theofj.e., zero broaden-
gap dispersions in these two cases that the MDC dispersiofg), where a pronounced intensity is seenKorkg, reflect-
is not only a sensitive test of the coherence factors, but alspg the “backbending” expected from th&, dispersion.
the particle-hole symmetry of the self-energy as well, evenrhis is not seen in experiment, and reiterates our point that
when looking at just the occupied states. Moreover, as Wene MDC'’s and intensity profiles are quite sensitive to self-
dlscu_ss bel_ow, energy resolution will cause this skewing Otenergy effects and coherence factors.
the dispersion to occur as well. _ We now discuss the effects of momentum and energy
Another curve is shown in Fig.(8), and that is wher&'s o0y tion. We have verified by calculation that the small
[Eq. (.1)] IS set tlp 0. T?és. serl1f-energy IS essgntlally the ON€omentum window of the Scienta analyzer rectangle of
used in our earlier work in the superconductlng state, and dimensions 0.04/a along the cut and 0.G& a transverse to
corresponds o having no broadening in the Bairing the cul has no effect on the results. This is not true for the
part of the self-energy. Although this model gives a good . ' . -
description of the low-energy part of the EDClat, it gives energy resolution. The latter can be d_etermmed by fitting the
an erroneous MDC dispersion. This can be understood froffading edge of the Au spectrum, which for the present data
the spectral function of this model, gives a Gaussiamr of 7 meV [full width at half maximum
(FWHM) of 16—17 meV\. As an initial exercise, let us as-
sume that all the broadening is due to energy resolufian
r ) 30 meV FWHM, this would yield ar of 12.8 meVj. Then, in
I+ (w0+E)[(0—E)/(w+€)]? the BCS case with the spectral function &sunctions, the
MDC'’s are very easy to determine. For an energy gap much
It has been factored in such a way so as to emphasize tHarger than temperaturesatisfied here, since the EDC peak
»<0 branch. Note that this is not of the form of ). In  energy at the Fermi momentum is 24 meV and the tempera-
particular, the term in brackets in the denominator of @y. ture is 40 K, the u, term drops ouf f(Ey) is essentially
plays the same role that the coherence factors do if@&g. zerd. Doing the energy-resolution convolution, the ARPES
but in this case this factor i® dependent. Atw=0, the intensity is simplyvﬁexp:—(erEk)Z/ZUZ]. Since the inten-
MDC is zero atkg, that is, the MDC has a minimum rather sity is totally controlled by the, term, the MDC dispersion
than a maximum as in Eq2). Because of this, the MDC will obviously be skewed, as demonstrated in Figa)5
dispersion has a very strange behavior in the subgap regiomhere this result is compared to the previous broadened BCS
Moreover, foro<—A, the MDC dispersion becomes similar case of Fig. &). In particular, the MDC dispersion at zero
to the EDC dispersion, reflecting the dispersiorEQf. This  energy yields a momentum value, which is slightly displaced

7A(K,w)=
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extra experimental weight on the trailiignoccupied edge

of the MDC peak(due to the particle-hole imagewhich is

not present in the broadened BCS model. In fact, by looking
at experimental MDC'’s at higher binding energies, a weak
shoulder does develop on the trailing edge, corresponding to
the expected particle-hole image discussed earlier. This im-
age should become better defined with improved resolution
and statistics.

In fact, it is somewhat remarkable that the simple form of
Eq. (2) does such a good job in describing the data. In Fig.
. 5(b), we compare the MDC and EDC dispersions of Figp) 1
018 0.2 022 0 0.05 0.1 0.15 0.2 0.25 to our calculation of Fig. &). Confining ourselves to the

ky ky “quasiparticle” branch, the agreement of experiment and

FIG. 5. (a) The effect of energy resolution on the MDC disper- theory is q‘%ite gopd. BUt' the .discrepan.cy between the_ MDC
sion from Eq.(2). The curves correspond t6=15 meV, ¢  and EDC dispersions in the “linear” regin{@0-60 meV is
=0 (I), I'=0, 0=12.8 meV @), and I'=10 mev, o Not reproduced by the BCS theory, though it can be ac-
=7 meV (both. (b) Comparison of theoreticath) and experi- counted for in the spin-exciton model as demonstrated in
mental (exp MDC and EDC dispersions. For theonf Fig. 2 due to the nontrivial frequency dependence of the
=10 meV,o0=7 meV. self-energy in that model.

. . In conclusion, we find that the MDC’s and resulting dis-
from_ the_norhmal—state Ferm_l momentum, an_d tlhehMD_C dﬁ' ersions are nontrivial in the superconducting state, and give
IE%Sr'C?;dé':]; deC;Suebgap region Is more vertical than in t mportant information on the electron self-energy and coher-

Also shown in F'ig k) is the more realistic case where ence_factors. We feel tha_\t a more detailed study of MDC’_s,
both effects are incor.porated Given the actual experiment oth in the_ sgpercqnductmg gnd psegdogap_phases, will give

o portant insights into the microscopics of high-temperature
o of 7meV, al of 10 meV is necessary to reproduce th? 30cuprate superconductors. We hope to report on such studies
meV FWHM of the EDC peak. As expected, the combmedin a future paper
result is intermediate between the two limiting cases. More- '
over, the inclusion of energy resolution lessens the difference This work was supported by the U.S. Department of En-
between the MDC profiles of the two self-energy modelsergy, Office of Science, under Contract No. W-31-109-
presented in Fig. @), as illustrated in Fig. ). An advan- ENG-38 and the National Science Foundation Grant No.

tage of the model of Eq(3) is that it can account for the DMR 9974401.
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