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The relation between the incommensurability observed in neutron scattering experiments in bilayer cuprate
superconductors and the electronic structure is investigated. It is found that the observed incommensurability
pattern, as well as its dependence on energy, can be well reproduced by electronic dispersions motivated by
angle-resolved photoemission data. The commensurate resonance and its contribution to the superconducting
condensation energy are discussed in the context of these calculations.

I. INTRODUCTION Il. CALCULATIONAL DETAILS

One of the more controversial topics in the field of high- The methodology used here is essentially the same as that
temperature cuprate superconductivity is the origin of thedf other group$~*! The only difference is to use energy
incommensurability observed by neutron scattering experidispersions motivated by actual fits to photoemission mea-
ments. The original explanation of this phenomenon was thaiurements. As in these earlier studies, one first determines
it was due to Fermi surface nestihdater, it was proposed _the nonin;eracting susceptibility, which in the superconduct-
that it was due to the formation of stripe3hese two expla- g state is composed of three terfhd
nations are so different, one would expect that ways of dif-
ferentiating them using existing data should be possible. | _ [}( 5k5k+q+AkAk+q)

. existing _ oo do(a,0) =2 15{ 1+
bilayer cuprates, the situation is even more interesting, i kK (2 EvEkiq
that a commensurate resonance is seen, along with incom-

mensurability at energies off resonarice. f(Exrq) —f(EW 1

In this paper, the Fermi surface nesting approach is ana- 0= (Egrq—E)+id 4
lyzed based on tight binding energy dispersions motivated by AA
angle-resolved photoemission spectroscOpRPES stud- % 1_M)
ies, with the dynamic susceptibility calculated using the ExEk+q
random-phase approximatigRPA). Such tight-binding dis- 1-f(Eqoq)—f(E) 1

persions are able to reproduce the commensurate resonance,

along with the incommensurability off resonance. In particu- o+ (EqqtE)tio 4

lar, the incommensurability wave vector is found to be en-

§ , . . +AA f(E +f(E)—1
ergy dependent, in good agreement with recent experimental x| 1 SkEk+a™ 2k k“‘) (Birq) + T(EW) i
results? This would seem to argue against a stripes interpre- ExEx+q 0= (BgiqtE+id
tation, where one would expect the incommensurability to be (1)

energy independent. Moreover, the incommensurability in
these calculations is very sensitive to the underlying elecwhereey is the dispersion) the superconducting gag
tronic structure, which has implications for the position andthe quasiparticle energies/é2k+A2k), andf the Fermi func-
curvature of the Fermi surface near tih@vave node. As for tion. The three terms are due to quasiparticle scattering, qua-
the commensurate resonance, it is a more robust feature efparticle pair annihilation, and quasiparticle pair creation,
these calculations, though its width in momentum space isespectively. At low temperatures, only the last process con-
sensitive to the location of the flat band near,@), and the tributes to Imy,. Note this equation makes a severe approxi-
odd channel only nature of the resonance is difficult to eximation of treating the single particle spectral function as a
plain. In support of earlier estimatés’ the change in ex- delta function. On the other hand, at low temperatures, pho-
change energy between the normal and superconductitgemission data indicate quasiparticle peaks ak alectors
states in these calculations is sufficient to account for theear the Fermi surfat&(though along the d-wave node di-
superconducting condensation energy. rection, there is still some controveléy As the incoherent

In Sec. Il, the details of the computations are given. Inpart of the spectral function is unlikely to lead to sharp struc-
Sec. lll, the commensurate resonance is discussed in relatidare in q and w, these earlier studies based on Eb. are
to the electronic structure, with Sec. IV dealing with the followed, but the reader should keep in mind that there are
same relation in regards to the incommensurability off reso€ertainly quantitative, and perhaps qualitative, differences
nance. Section V uses these calculations to comment on theetween this “quasiparticle” susceptibility and the true one,
guestion of the lowering of the exchange energy in the suwhich warrants future investigation.
perconducting state. Some conclusions are offered in Sec. To evalulate Eq(1), i 5 is replaced byil" in the energy
VI. denominators. The resulting well-behaved function is then
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TABLE |. Tight-binding dispersions based on fitting ARPES IIl. COMMENSURATE RESONANCE

data. The first two columns list the coefficientof each termeV), he fi . " q h
that is (k) =S c; 7;(k), with “one” a previous fit to normal state The first question addressed concerns the commensurate

. . 21-24
ARPES datdRef. 17, and “two” a modified fit as discussed in the f€sonance, first observed in YRas0, (YBCO),” * and
text. The last column lists the basis functidfise lattice constara ~ 'ecently in Bi2212>?° The conditions under which a com-

is set to unity. mensurate response is obtained for the noninteracting sus-
ceptibility in a simplet,t’ tight binding model is given in
one two 71(K) Ref. 10, and are roughly obeyed for the more sophisticated

dispersions considered here. For simplicity, consider first the

0.1305 0.0879 N 1 normal state. Then, the condition reduces to whether the
—0.5951  —0.5547 3(cosk,+cosk,) Fermi surface is centered @,0) (incommensurate response

0.1636 0.1327 . cal, cosky or at (m,7) (commensurate responsén the former case,
—0.0519 0.0132 2(cos X, +cos X,) the incommensurate response occurs because the Fermi sur-
-0.1117  —0.1849  3(cos X,cosk,+cosk,cos X,) face and its shadow image, displaced by a wave vector

0.0510 0.0265 coskzcos X, (w,7), no longer intersedthe intersection points are refered

to as hot spots in the literatyrédnce a superconducting gap
opens, there is a correction to this condition that scales like
summed over a 400 by 400 megep size of 0.006/a) in  A2.1° For the dispersion analyzed here, this correction corre-
the Brillouin zone.I', which is a crude representation of sponds to about 5 meV. That is, once the band a0}
broadening due to interactions and disorder, was taken to bgecomes more than 5 meV above the Fermi energy, the re-
2.4 meV. Smaller values df simply lead to sharper struc- sponse becomes completely incommensurate. All models for
ture in xo, which requires a densérmesh in the sum. YBCO, and most models for Bi2212, are in favor of Fermi

As values of the noninteracting susceptibility are far toosurfaces centered aboutr(7). An exception is a recent
small to explain the magnitude of the observed dynamic susmodel by Chuanget al. for Bi2212%’ In this model, the
ceptibility, an interacting susceptibility has to be consideredFermi crossing is far enough away fromr,0) along the
In this paper, a RPA formalism is employed, as it is by far(0,0)-(7,0) line that an incommensurate response is ex-
the most commonly used approximation in the literature, anghected, unlike what is observed experimentgﬁly_
thus its use facilitates comparison to previous work. The in-  The noninteracting susceptibility having its maximum re-
teracting susceptibility in the RPA is given by sponse at £, 1) leads to a maximum at, ) in the inter-
acting susceptibility as well. For&xwave gap, the coherence
(q,0) factors in Eq.(1) are maximal on the Fermi surface, due the
&, 2) sign change of the gap under () translation. This leads to
1-J(a)xo(9, @) an abrupt rise in Iny, above some threshold energy value

(twice the superconducting energy gap at the hot $pots

where J(q) is the spin-spin response function. Many which is not present for thewave case. By Kramers-Kronig
studie€'® set J(q) to a constant]) (Hubbard-like approxi- transformation, the abrupt rise causes a peak inyd3&
mation), but in several treatments! J(q) is assumed to be Therefore, ifJ is large enough, a zero will occur in the real
of the form J,= —J[cos@,@)+cos@ya)l/2 due to superex- part of the denominator of Eq2) for energies smaller than
change between near-neighbor Cu siteklike approxima- the threshold. As Iy is small below the threshold, this
tion), so calculations were performed with balfg)=J and  leads to a resonancelike behavior iminThat is, in general,
J(q)=Jq. The use ofJ, tends to suppress incommensura-one expects a resonance at a energy smaller thgp,2
bility since J, is largest at the commensurate wave vectorThese points are illustrated in Fig. 1. Note that all the peak
(m,7). Typically, J is adjusted so that the denominator in structures in this plot become more pronounced if the broad-
Eg. (2) is close to zero at the antiferromagnetic wave vectoreningI is reduced in size.
This adjustment is necessary since the “near zero” condition An interesting evolution of this resonance occurs as the
of the denominator is not properly enforced in the RPA.  chemical potential is varied (i.e., the doping is varied

For energy dispersions, a number of model dispersiontlsing the same model dispersialwas adjusted for each
present in the literatuté'®'8 were analyzed. These are in such a way that the maximum in jmoccurs at 39 meV
based on tight binding functions, and in the more sophisti{with A, taken to be 35 me) In Fig. 2, a two-
cated models designed to fit photoemission data, they contattimensional(2D) contour plot is shown at the resonance
an expansion up to a real space lattice vectof2®).1°-18  energy for various positions of the band at,0),e(7,0). As
The first to be considered is orfghat does a very good job e(,0) approacheg. from below, the resonance broadens in
of modeling the normal state ARPES dispersion inmomentum space, and eventually transforms from a circular
Bi,Sr,CaCyOg (Bi2212).1° This is reproduced in Table I. pattern to a squarelike pattern. As the band crogsethe
Note that this model dispersion has no bilayer splitting, contesonance pattern rotates to a diamond shape, and then far
sistent with its lack of experimental observation in Bi2212. enough beyond, a completely incommensurate response is
Jis then chosen to yield a resonance at a particular energy. Achieved. In agreement with the analytic results onttbhe
d-wave energy gap is assumed of the foAp=A[cosk,) model for Imy,,'° the value ofe(r,0) relative tou where
—cosky) /2. An sswave gap strongly reduces the tendency tothe crossover to incommensurate behavior occurs is found to
obtain a commensurate resonance because of the BCS cohbe proportional ta\?. The width of the resonance in momen-
ence factors in Eq(1).29? tum space is also sensitive to other factors. The above calcu-

X(0,0)=
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FIG. 1. Imyy,Rex,, and Imy atq=(a,7) using dispersion one
listed in Table |, withJ=0.3 eV,I'=2.4 meV,A=35 meV, and
T=13 K. Imy units [Eq. (1)] are (states/eyy/CuO plane, which
applies for all figures.

lations assumed(q)=J. If J(q)=J, is used instead, the
resonance would become narrowergnwhich is obvious
from the q dependence od,,J, being maximal at fr, ).

in momentum space than in YBC®.In the context here,
this would imply that for Bi2212 relative to YBCQZ1) the
band at ¢r,0) is closer to the chemical potentidR) the
dispersion at ,0) is flatter, and/o(3) J(q) is flatter near
(7r,7). A quantitative comparison of experiment to theory
will be discussed in Sec. V.

At this stage, nothing has been said aboutdha&lepen-
dence of the resonance. Experimentally, the resonance only
appears in the oddqgg= ) channel. There are three ways
this could occur in the context of the present calculations.
First, J(q) could be larger in the odd channel than the even
one due to interplane exchan{m this case, the pronounced
gap in the even channel would be associated with the thresh-
old energy discussed earlier for i (twice the energy gap
at the hot spofs Although experimentallyJ(q) is larger in
the odd channef the value of the interplane exchange inte-
gral (J,) is small enough that there would be qualitative
problems with fitting the even channel data. For instance, for
both dispersions listed in Table 1, given a valuelafeeded
to obtain a resonance at 39 meV in the odd channel, a 20%
reduction inJ to simulate the even channel still results in a
pronounced resonance. An exception is the dispersion of
Ref. 18, where the same analysis leads to no resonance in the

Also, the dispersion used in the above calculation is based 0f\;en channel. This occurs because the peak jp, ReFig. 1
normal state ARPES data. In the superconducting stateg very shallow. For the same reason, though, a valug of

though, it is known that the dispersion becomes flatter neat, -, larger than experiment is neededl( eV) to obtain a
(7r,0) 2° which acts to broaden the resonance in momentumaconance in the odd channel

space. From experiment, the resonance in Bi2212 is broader
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FIG. 2. Dependence of Ig(dx,q,) (2D contour plot at w
=39 meV one(m,0)—u: (@ —34 meV, (b) —10 meV,(c) O
meV,(d) +5 meV,(e) +10 meV, andf) +20 meV[with (a) the
value from dispersion one of Tablé ISame parameters as Fig. 1,
except that for each plot](q)=J has been adjusted so that the
maximum in Iny is at thisw. Note thatgx andqy are in units ofr.

The second way would be to recognize that the odd chan-
nel corresponds to connecting bonding to antibonding states
in Eq. (1), whereas the even channel connects bonding to
bonding and antibonding to antibondifidn this context,
bonding and antibonding refer to the bilayer splitting of the
electronic structure. As mentioned above, there is little evi-
dence for such splitting from ARPES data in Bi2212, even in
the superconducting stafdalthough recently, this result has
been challenged). Still, several calculations including bi-
layer splitting were analyzed. In the first case, dispersion two
in Table | was taken to be the bonding band, and the anti-
bonding dispersion was gotten by adding a constarf
meV) in such a way that its Fermi surface crossing occured
along the (0,0)-¢,0) line. In the second case, the bilayer
split dispersion of Ref. 18 was used. In the first case, there
was virtually no change in the results. In the second case,
there were some minor quantitative differences., a pro-
nounced resonance still existed in the even channel, unless a
J, is introducedl. It should be remarked that although the
evidence for bilayer splitting is considerably greater in
YBCO,'® the interpretation of ARPES data in this case is
more controversial due to the contribution from the chains,
as well as surface related problems.

The third possiblity is that théA Ay o) correlator in Eq.
(1) only contributes to the odd channel for some reason not
apparent at the momeff.In this regard, it is interesting to
note that Jankt has recently predicted, based on thermody-
namic arguments, that the resonance will be strongly sup-
pressed for fields along theaxis. As Janko discusses, the
likely source of this field dependence is that tig A o)
correlator in Eq(1) is sensitive to phase coherence. This has
also been suggested to be the case in the context of interpret-
ing c-axis optical conductivity measuremenfsThis same
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phase coherence sensitivity might be linked to why the reso- YT
nance only appears in the odd channel. On the other hand, .
using the dispersions in Table I, simply setting the correlator . ‘ \
to zero still leads to a pronounced resonance. It would be < ] \
necessary in this case to have a sign change in the correlator

to remove the resonance, as in the,*~s” gap function

proposed earlier by Mazin and YakovenkoSuch a gap °'°0_o ' 1o °'°o.0 ' 1o

function, though, is inconsistent with other experimental hx ke
probes.

/7

FIG. 3. Fermi surfacédashed curyeand superconducting state
energy contoursKEy ,Ey, o= w/2,0=29 meV), for(a) dispersion

IV. INCOMMENSURATE RESPONSE one andb) dispersion two in Table |. Not®=(1,1) in these units.

The next question concerns the incommensurate behavior To investigate these points further, several modifications
off resonance. Only in YBCO is this known in detéflin- g the dispersion used in Fig. (®ef. 17 were made. First,
commensurate behavior is observed in Bi2212 as WUt  the very flat dispersion of the superconducting quasiparticle
the 2D pattern of this iy space, as well as its energy de- states near +,0) was incorporated by setting(,0) to
pendence, is unknown at this time. Interestingly, in YBCO, -5 meV, and then invoking the condition that the curvature
the incommensurate wave vector depends on erfeligha-  of ¢, is zero along thés, and k, axes at this point. To obtain
sically has an “hourglass” shape, with the incommensuraan incommensurability more relevant to experimental data,
bility wave vector approaching the commensurate value age Fermi wave vector at the node was pushed out to
the resonance is approached from below, then again splittingy 41,0.41)r. At the same time, the Fermi velocity was re-
out above the resonance energy. In the present calculationgy,ced from 1.6 to 1.0 eV A, but as discussed above, this
although incommensurability above the resonance energy isas a smaller influence on the results. This disperéion)

a robust result, being related to the commensuraték giso listed in Table I, with the resulting Fermi surface and
incommensurate discussion of the previous section, the iNgy._energy contours shown in Fig. 3 as well. Note the flatter
commensurability below the resonance energy is a differenénergy contours as compared to the previous dispersion.
matter altogether. Incommensurability below resonance has | Fig. 4 (left panel, 2D contour plots are shown for this
been present in previous calculaticfiind the explanation gjispersion at three different energies: on resonance and 10
for it within the present context was given in a recent paper
by Brinckmann and Le& with the calculations presented
here in agreement with their picture. In the superconducting

[=]

state, the constant energy contours at low energies are very  1.257 //C\Q

1.50 @

elongated due to the large ratio of the Fermi velocity at the vood N
d-wave node to the slope of the superconducting energy gap °~ = | \

ay

P

at the node. This velocity ratio has been experimentally de- 0.75 o’]

termined by ARPES to be 20 for Bi22£2,and the same . .

value has been extracted from low-temperature thermal con- 30T T+ 1 1~ 030 T T 1
ductivity measurement$.The latter measurements have also 0:50 078 1;,20 1:25 1.0 0:90 0.7 1;,30 1:25 190

determined the velocity ratio to be 14 in YBCO. As shown
by Brinckmann and Leé&! the incommensurability is due to l
nesting between the energy contour aboutttveave node to 1.25
the same contour displaced by a wave veQer (7, ), that 1
is, Ex~ /2, Ey 4 o~ /2, wherew is the neutron energy. The
wave vector is incommensurate since the Fermi surface at
the node is displaced away from the/@,7/2) points.

For the dispersion used in Fig. 2, though, no incommen- 0.50
surability is found below the resonance energy, though in-
commensurability does occur above the resonance energy.

This can be traced to the fact that for this dispersion, the 1-507
Fermi surface is too curved at the node. This leads to low
energy contours that have a “banana’” shape, thus destroying
nesting, as illustrated in Fig. 3. Moreover, for this dispersion, & 1.00
the Fermi crossing at thbwave node corresponds to a wave |

1.50

ay

1.00

0.75

o

1.25

vector of (0.37,0.37, which would yield a larger incom- 0.757]
mensurability than is typically observed. Both of these prob- 0.50
lems can be corrected if the Fermi wave vector is pushed 0.50 0.75 1.00 1.25 1.50  0.50 0.75 1.00 1.25 1.50

closer to the {/2,7/2) point. This has the effect of reducing * *

the Fermi surface curvature, thus enhancing nesting, and also FIG. 4. Imy(qy,q,) (2D contour plot at three energiega) 29
reducing the magnitude of the incommensurability. ReducingneV, (b) 39 meV (resonance and(c) 49 meV, for dispersion two
the Fermi velocity also aids the nesting, but this is a smallebf Table I, withJ=159 meV[J(q)=J]. (d), (e), and (f) are the
effect. same, but with)(q)=J,.
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100

100 77— mensurate wave vector that is too far displaced fram=)
(b)) relative to experiment. It would, of course, be desirable in
YBCO to exploit the advent of the Scienta high momentum
resolution detectors to revisit this issue.
In Bi2212, the ARPES Fermi surfad@ the vicinity of
i the d-wave node, at leasis better agreed upon. As for neu-
tron results, only one study has been offefeth that ex-
periment, a rod of crystallites aligned along ttiel) direc-
— tion was measured. This indicated an incommensurate wave
vector at low temperatures of around (0.82,0882)\ote that
the two-dimensional pattern of the structure is not known
from these data. Moreover, energy information is also not
known, so there is always the possibility that the incommen-
Py ST AN P I surability being observed is above resonance. Lacking fur-
06 08 1 1.2 1.4 0 50 100 150 ther data at this stage, let us assume that incommensurability
(@.9) x"(q,q:0) is indeed being observed below resonance. Then, for the
ARPES data to be consistent with the neutron wave vector,
FIG. 5. (a) q vector along ¢, ) direction where Iny(q,q) is the Fermi crossing along the node would have to be at about
maximal versuso. (b) The magnitude of Ing in (a) versusw. Same  (0.40,0.40)r. This is close to a recently reported value of
parameters as Fig. 4, with(q) =J. (0.39,0.39)r using a Scienta detectdt.So, the reported
wave vectors from the ARPES and neutron experiments are

meV above and below resonance. Note that the incommersertainly within current error bars, and therefore consistent at
surability pattern below resonance has a striking “basebalfis stage. It would be highly desirable (b) have neutron

diamond” shape, very similar to what has been observe&j"_"ta on the incommensurability on single crystal samples of
experimentally in YBCG This pattern was generated as- Bi2212, and2) to have more accurate measurements of both
sumingJ(q)=J. If J(q)=1J, is used insteadright panel3 the Fermi wave vector, and the curvature of the Fermi sur-

another maximum develops at the commensurate wave vef2ce around the node, from ARPES data, to further explore
tor, and is or is not the global maximum depending on thehis point.

particular energy. In this context, a number of model disper-

sions were analyzed. Some exhibit completely commensu- V. SUM RULE AND CONDENSATION ENERGY

rate behavior below resonance, others completely incom-

mensurate behavior, and others still mixed behavior. That is Finally, the intriguing question of the relation of the com-

the incommensurability below resonance is very sensitive téhensurate resonance to the sgperconductmg condensation
the electronic strucuture, as well as to the momentum deper?—nergy can be treated very stralghtforwgrdly_ln the present
dence ofJ(q) ' context. The advantage of these calculations is that all wave

i Fig. S et pane, the wave vector slong her() Y201 04 enciles are sccoted o and el ese
direction where Iny is maximal is plotted versus energy, P P P

using the same parameters as Fig. 4. Note the distinct “hourF-)OSGd n REfSZ 5 and 6. . .
glass” shape of the pattern, which has recently been ob- To begin W'th’.X has to be _converte(_j to units quo_ted_m
served experimentally in YBC®The striking agreement of neutron scatterering wqu. ThIS.IS achieved by multlplymg
this pattern with experiment is a strong argument in favor oiEq' (.2) by the appropnate matnx_ ele_ment. For simplicity,
this interpretation of the data. On the other hand, the preseﬁtons'der thezz matrix element, which is

calculations do suffer from some quantitative problems. In

the right panel of Fig. 5, the intensity at the wave vector > g’ui(a|S|o)2.

where Imy is maximal is plotted versus energy. Note the o

extremely sharp drop as one moves off resonance. Exper
mentally, this drop is less pronouncéd.

For g=2, S=1/2, this reduces to 23, as do the other two

As suggested above, the neutron scattering results are(Yy). The sum rul& can now be checked by summing
sensitive probe of the electronic structure. This raises th&d- (2) over the zone, integrating out to the band edges,
question of whether the incommensurability structure is in@nd multiplying by 2.5 . The dispersion used in Fig. 5 is
quantitative agreement with ARPES results or not. Unfortu-6mployed here, with a resonance at 39 meV obtained by
nately, all neutron scattering studies on this issue but on&®ttingJ to 159 meV, a value comparable to experimental
have been done on YBCO. ARPES results on YBCO are stilfstimates of in YBCO.** The normal state is calculated by
somewhat controversial because of surface related issues rdfPly SettingA to zero. This is a gross approximation, since
present in Bi2212. For instance, the tight binding dispersiond assumes quasiparticle statesTat 0 for the normal state,
proposed in Ref. 18 do not support incommensurate behavid¥hich is highly improbable. In principle, a more accurate
below the resonance energy, again because of too strongr@Presenation of the normal state could be simulated by in-
curvature of the Fermi surface around the ndthat is, the creasingl’, but for simplicity, this is not done here. For
low energy contours are too curved to support negting J(0)=1Jq. the sum is 1.623 in the normal state and 1.64
Moreover, published ARPES results on YBCO indicate ain the superconducting state. Rhfg) =J, the sum is 1.983
Fermi crossing along the node that would result in an incomin the normal state and 1.&@ in the superconducting state.
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So, to within a few percent, the sum rule is satisfied by the N ] r
present calculations. For a local moment system, we woulc E ] N NS
expect the valuerg?u3S(S+1)/3302* which for g=2,S 5 | 13 | —__s¢
=1/2 reduces tor. That is, the above values range from .
52% to 61% of the local moment result. This reduction is to
be expected, since E(R) is based on itinerant electrons. -

A useful comparison to experiment is to integrate
Imy(7,7) over energy. Restricting to a 50-meV energy
range, a value of 1;92B per plane is calculated, compared to
an experimental value of 0.9% in Bi2212 and 0.&3 in
YBCO.?% This somewhat large oversh8dts reduced when
looking at the local susceptibilityg( integrated. The maxi-
mum (at the resonance enefjgper plane from the above
calculation is 9.3/eV for J(q)=J, and 14.93/eV for
J(g)=J. This is comparable to the Gp%/ev value quoted
for underdoped YBCG.10 meV below resonance, the num-
bers are 1.1 and 2.2, respectively, compared to an experi T E
mental value of 2.5.As noted in the previous section, for 0 02 04 06 08 1 0 02 04 06 0
any given calculation, the intensity appears to drop off below ‘@® @
resonance faster thar) experiment._ Another useful compari_son FIG. 6. (@) SqJgimx(q,®) and (b) JLoamev 3mx(q,0) for
is to look at the full width half maximum of the resonance in j(q) = 3. Same parameters as in Fig.(6. and(d) are the same, but
q space. The calculated values are 0.34Hor J(q)=J  with J(@)=J4. NS is the normal state, SC the superconducting
and 0.23 A" for J(q)=J,. This is to be compared to ex- state. The exchange energy contribution to the condensation energy
perimental values of 0.52 Al for Bi2212 and 0.25 A!  would be obtained by integratin@) or (c) over w, multiplying by
for YBCO.26 —3/(2m), and subtracting SC from NS. Notb) and(d) are in eV

As noted in earlier worR;’ the exchange energy contri- units.
bution to the free energy in thteJ model, denoted aBy, is

obtained by multipliying Imy as defined in Eqe1) and(2) s lowered in the superconducting state, then it is expected
by —3Jy/2m, integrating over energy, and summing over thethat the kinetic energy would increa® t is also interesting
zone. Its contribution to the condensation energyE to remark that the present calculations appear to be in greater
—E3°, whereNS represents an extrapolation of the normalagreement with the idea of Ref.(hat the resonance domi-
state to zero temperature. For the case considered abovenates the exchange energy differentean related calcula-
value per plane of 28 K is found #(q) =J is used, 59 K if ~ tions based on the spin-fermion mod&ldespite qualita-
J(g)=J. That is, within thet-J model context, the exchange tively similar physics. In the latter model, the merger noted
energy is indeed lowered in the superconducting state, witin connection with Fig. @) occurs at much higher energies
the calculated values somewhat larger than those based ¢of orderJ).
the date:’ The advantage of the current calculation is that Finally, some comments in regards to the nature of the
this difference can be looked at as a functiom@ndw. I resonance mode are in order. The quantum numbers of the
Fig. 6(@), the zone sum ad,Imy is plotted as a function of resonance correspond to an excited tripet=() pair with
w[J(q)=J] for normal and superconducting states. Notecenter-of-mass momentunQ=(m,7), since the BCS
that the two merge at®&,,.,, that is, the energy difference is ground state isS=0,Q=0, and the resonance is seen by
confined to energies below this. In Figh, thew integrated  spin-flip scattering. On the other hand, the question of
quantity is plotted versug). Note the contribution near whether the mode is actually a particle-particle mode is a
(7r,7) due to the resonance. In addition, a normal state conmore delicate question, due to particle-hole mixing in the
tribution at lowq is removed in the superconducting state. If superconducting stafé The present calculation assumes that
J(q) =1, is used insteadlFig. 6(d)], the low g structure in  the underlying action is in the particle-hole channel. Is there
the normal state is suppressed, which is why the condensany experimental support for this? As Demler and Zhang
tion energy is half that of thé(q)=J case. This additional point out* this question can only be indirectly answered by
low g structure is likely not relevant to experiment since neutron scattering, as the neutrons only couple to the
there is no evidence for it, and it is doubtful whether the trueparticle-hole channel. Their argument is that since the reso-
J(q) is large at small wave vectors. nance only appears beloly., and since particle-hole mixing
The implications of Fig. 6 is clear. The dominant contri- occurs belowT., then a particle-particle mode would only
bution to the exchange energy part of the condensation erpecome visible in neutron scattering beldw, in agreement
ergy is due to the resonance. This is in support of previousvith experiment. Of course, in the calculations presented
work®” Moreover, as noted befofe, the estimated value, here, the mode also appears only in the superconducting
such as from the above calculation, is more than sufficient tstate, since it is a consequence of the BCS coherence factors
account for experiment, as the total condensation energy has Eq. (1) (that is, the mode is best not thought of as just a
been estimated to be gnB K per copper oxide plane from spin-wave mode Now, although it is true that a spectral gap
specific heat data for optimal doped YBCO(It should be  opens up abové, in underdoped materialshe pseudogap
mentioned that within the-J context, if the exchange energy the present calculations are based on quasiparticle states,
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of Table | for ¢, for a typical value ofA; (100 me\j. For

the particle-hole case, the resulting dispersion is very similar
to what is observed in photoemissitff But, the particle-
particle case has no resemblance at all to the data.

Now, this argument does not definitively rule out a
particle-particle explanation for the mode, since it is conceiv-
able that the dominant coupling of the mode to the electrons
could still be in the particle-hole channel because of the in-
teraction vertices. Still, the above argument is certainly very
suggestive of a particle-hole origin for the mode, and would
also more naturally explain how the higher binding energy
feature crosses over to the Mott insulating gap as the doping
is reduced®4849

€ (eV)

©0 . 0 ©.0 VI. CONCLUSIONS
FIG. 7. Solution of particle-hol€ph) secular equation, with di- . .

agonal elementsg, €., q, and particle-particlépp) secular equa- In summary, th's, paper has §h0wn that an RPA'“k,e treat—

tion, with diagonal elements,— e_y o, with Q= (). In both ment of the dynamlc_: suscept_lblllty gives very useful insight
cases, the off-diagonal elements were taken ta\ge- 100 mev. N0 neutron scattering data in the cuprate superconductors.
Dispersion one of Table | was employed €0). In such a framework, the neutron data are a sensitive probe
of the underlying electronic structure. Using dispersions mo-

which only appear beloW,.* So, in that sense, the Demler- tivated by angle-resolved photoemission data, a natural ex-
Zhang argument does not necessarily resolve this issue. planation is found for the magnetic resonance observed by
On the other hand, angle-resolved photoemission does n@kutrons, as well as the incommensurability seen off reso-
have the same restriction as neutron scattering. Strong arghance. Moreover, these calculations are in support of previ-

ments have been made that the the dramatic change in thgs suggestiofi§ that the resonance mode provides the
spectral line shape observed in such data beloware a  dominant contribution to the change in the exchange energy
direct consequence of the interaction of the electrons witlhetween the normal and superconducting states. In addition,
the resonance mod&**®This comes from the dressing of the current study suggests that the two momentum resolved
the electron propagator by the resonance. Note that unlikgrobes used for the cuprates, ARPES and neutrons, are
neutrons, there is nothing restricting this coupling to be instrongly related to one another, and are consistent within
the particle-hole channel. That is, one expects that if theurrent experimental error bars. With the advent of higher
mode were particle-particle in nature, the dominant couplingnomentum resolution detectors in ARPES, and large enough
to the self-energy of the electrons would be in the particle-samples for neutron studies, in the future this connection can

particle channel. Let us now think about the simple limit thatbe studied with much greater precision, especially in the case
the mode energy goes to zero. Then, the dispersion of thef Bj2212.

higher binding energy feature seen in ARPES d#te so-
called hump will have a dispersion given by solving a very
simple 2 by 2 secular equatiéh.n the particle-hole case,
the diagonal elements will bey, and €.,.q, where Q The author would like to thank Herb Mook for suggesting
=(,). In the particle-particle case, the second elementhis project. He would also like to thank Juan Carlos Cam-
would become—e_y, o instead. To first approximation in puzano, Helen Fretwell, and Adam Kaminski for discussions
both cases, the off-diagonal elements, denoted @s are  concerning photoemission data. This work was supported by
taken to be constants. In Fig. 7, the dispersions obtainethe U.S. Department of Energy, Basic Energy Sciences, un-
from both secular equations are plotted using dispersion onger Contract No. W-31-109-ENG-38.
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