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For the traditional lowF, superconductors, the superconducting condensation energy is proportional to the
change in energy of the ionic lattice between the normal and superconducting state, providing a clear link
between pairing and the electron-ion interaction. Here, fotthenodel, we discuss an analogous relationship
between the superconducting condensation energy and the change in the exchange energy between the normal
and superconducting states. We point out the possibility of measuring this using neutron scattering and note
that such a measurement, while certainly difficult, could provide important evidence for an exchange
interaction-based pairing mechanisi80163-182808)07638-3

During the past several years, a variety of experimentseduced. Thus, if the short-range antiferromagnetic spin-
ranging from NMR(Refs. 1,2 and penetration deptistudies lattice correlations play a similar role to the ion lattice in the
to angle-resolved photoemission spectrosédmnd Joseph- traditional low-temperature superconductors, the condensa-
son phase interference measurenfehtsve provided clear tion energy would be proportional to the change in the ex-
evidence ford,2_,2 pairing in the high¥. cuprates. This change energy between the normal and superconducting
type of pairing was in fact predicted from a variety of theo- states.
retical studies on Hubbard ane) models in which a short- Here we examine this and look for its possible experimen-
range Coulomb potential leads to a near-neighbor exchangal consequences. Unfortunately, just as in the case of the
interaction and short-range antiferromagnetic correlaffons traditional electron-phonon systems where the fractional
Thus, in spite of the differences in the interpretations ofchange in the lattice energy between the normal and super-
some of these calculations, one might have concluded thafonducting ground states is small, of orde urwp, and
the basic mechanism which is responsible for pairing in thehence hard to detect, here we find that the fractional change
cuprates arises from the antiferromagnetic exchange interain the exchange energy, of ordféE/MF‘], will also be diffi-
tion and the short-range exchange correlations. Howevegult to observe. Nevertheless, on a formal level it is interest-
there is far from a consensus on this, and a variety of differing to contrast the relationship between the superconducting
ent basic models and pairing mechanisms have beegondensation energy and the change in the exchange energy
proposed. with a recent proposal by Legg¥tin which he argues that

In the traditional low-temperature superconductors on&he condensation energy arises from a change in the long-
could see an image of the phonon density of st&t@s) in  wavelength Coulomb energy associated with the midinfrared
the frequency dependence of the gafw).'° One also had a  dielectric response.
clear isotope effect in some of the simpler materials and OQur basic idea originated from the results of numerical
Chestet' showed that in this case the superconducting condensity matrix renormalization-group calculatibhéor the
densation energy could be related to the change in the ionj model. Thet-J Hamiltonian in the subspace in which

kinetic energy. Thus, while the kinetic energy of the eleC'there are no doub'y Occupied sites is given by
trons is increased in the superconducting state relative to the

normal state, the decrease in the ion lattice energy is suffi-
cient to give the condensation energy. This provided a fur- nn.
ther link between the electron lattice interaction and the pair- H= —tz (ciTsch+ H.c.)+J2 (S| -5 —#). (1)
ing mechanism in the traditional superconductors. (ij)s (i) 4

Now, in the highT; cuprates, we believe that one can see
the image of thé& dependence of the interactionA{k) and . . . . L >
that this supports the Hubbard amd picturest®'® How- ~ Here ij are near-neighbor sites; is a spin index, S
ever, as noted, this remains an open question and it would b (Cisss Cis')/2, andc] s are electron spin and creation op-
useful to look for the analogue of the decrease in latticeerators, and1i=c;rTciT+ciTlcu. The near-neighbor hopping
energy and the condensation energy. From density matriand exchange interactions ar@ndJ. We have calculated
renormalization group studies of the) model’® we know the ground-state energy of E) for zero €,), one E3),
that while the kinetic energy of a pair of holes is increasedand two E,) holes. ForJ/t=0.35 we find, for an &8
relative to having two separate holes, the exchange energy #ystem, that the binding energy of a pair of holes is
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Ag=2E;— (E,+E)=0.23. 2 aH3(T)Q, 3J d’q (= de

—II
We also find that the dominant contribution to this binding 8w (2m)2)o [Im xs(,)

comes from the change in the exchange energy
—Im xn(9, @) ](2—cosqy—cosqy). (7)

2<Jz> §'§j> —( <JE §i‘§j> +<JE S- éj> ) - In Eq.(7), we have added a constant 2 using the sum rule Eq.
i 1 2 0 3 (6). The form factor 2-cosq,—cosq, favors large momen-
®) tum transfersq,~qy,~7 and the energy scale is set by

w=J.
Here O, 1, and 2 refer to the number of holes in the ground For the optimally or possibly the overdoped materials, it
state. may be that Imyy(q,w) has reached its “low-temperature

The pair binding energy can be used in a simple estimatgormal form” at temperatures abovg,. In this case, one
of Tc: if we relate the superconducting gap to the bindingcoyld extract it from neutron-scattering data foe>T,.
energy via 2=Ag, and assume thatkT.~6, we find  Then using low-temperatufB<T, data for Imys(q,®) in

Te~0.04)/k. L?kingl‘]zlsoo K thils giVﬁSTCWGO K,da _Eq. (7), one would obtain the condensation energy. Because
quite reasonable value. Now, it is clear that superconductiv,z () j83— 1073, it will require extremely careful

ity in the cuprates is a much more complicated phenomena .
o ; L . Neutron-scattering measurements to check (2qg. Further-

than this simple picture of pair binding. For example, even in : L

the t-J model. we find that with a finite concentration of Mere: one will have to be satisfied that the normal-state mea-

holes, domain walls form, rather than pditsHowever, the surements taken at temp.era.tures ab®yecan be extrapo-
formation of domain walls in thé-J model is also driven |2ted t0 a temperature which is low comparedo Clearly,
largely by the exchange energy. Therefore, it is reasonable t{l;n; will be difficult. However, on a formal level, it is inter-
assume that whatever the precise mechanism of superco@sting to contrast the content of Eg) with the recent pro-
ductivity in the cuprates, energetically it is driven by the Posal by Leggett” He takes the point of view that the pair-
exchange interaction. ing mechanism is associated with the long-wavelength
Based upon this and in analogy with the electron phonoroulomb energy and relates the condensation energy to a
case, we suggest that if the basic interaction which is respor¢hange in the dielectric function between the normal and
sible for pairing in the highF, cuprates is the antiferromag- superconducting state. He then argues that the important con-
netic exchange, the condensation energy will be proportionafibutions are associated with momentum transfers which are
to the change in the exchange energy between the normamall compared ter and energy transfers in the midinfrared
and superconducting phases region, 0.1-1.5 eV.
Now, it is certainly true that if one goes all the way back,
the Coulomb energy is responsible for the exchange interac-
/& & 2 & tion we have focused on. However, having integrated out the
IS Sot S Sy short-range part of the Coulomb interaction to arrive at an
. o Lo exchange interactiod~4t?/U, we conclude from Eq(7)
(S Sitxt S Siay)s)- @ that the important part of the pairing interaction is associated
with large momentum transferg~ (7r/a,w/a) and energies
Here H (T) is the thermodynamic critical field at tempera- less than or of orded~0.1 eV. Thus, contrary to Ref. 14,
ture T, Q, is the unit-cell volume per CuQ and« is a  where one seeks to find a relationship between the conden-
factor of order 1. Note that both expectation values in(@y. sation energy and the change in tilielectric response be-
are also taken at temperaturavith the subscripN referring  tween the normal and superconducting state in the small mo-
to a nominal normal state ar&to the superconducting state. mentum and higher energy 0.1-1.5 eV regime, we suggest
Thus one needs to be able to extrapolate the normal-stathat the condensation energy is related to changes in the
data to temperatureb<T.. magneticspin response at large momentum transfer and en-
For thet-J model we hav¥® ergiesw=J.
Thus, it would be very interesting if it were possible to
confirm or contradict the relationship of the change in

aH3(T)Q,
8w

2 o - o
<§i.§j>:3J'd_qz d—wlmx(q,w)coici~(f—f)], (5)  (Si-Si+x between the normal and superconducting states
(2m)=Jo T and the superconducting condensation energy given by Egs.
where x(q,w) is the magnetic susceptibility at temperature (4) and (7).
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S <§2>, which could change slightly in the superconducting state,
so that one would not want to make the subtraction in &.
and the 2 in Eq(7) should be dropped.



