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Is the 7= Particle Responsible for the 41 meV Peak i¥Ba;Cu307?

Martin Greiter*
Department of Physics, Stanford University, Stanford, California 94305
(Received 6 May 1997
It is argued that there is no low-energy resonance associated withr tlperators introduced
by Demler and Zhang. This implies that the Hubbard model does not possess an approximate

SO(5) symmetry generated by these operators. Recent finite-size studies are reinterpreted accordingly.
[S0031-9007(97)04746-7]
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Two years ago, Demler and Zhang [1] proposed a nevwi4) “cancels in the leading order i and reaches a finite
collective mode for the positivéd/ Hubbard model, the limitasU — «”[1]. With this | disagree.
so-calledw resonance. They calculated the energy of this First of all, let us go back and find the source of the

mode within theT-matrix approximation, and found mistake. In an earlier paper [7], Zhang observes that the
J particle-hole symmetry of the Hubbard model implies
@y Umm 2w, @ pn) = U = u@ — n) ©)

whereJ =~ 12/4U is the antiferromagnetic coupling be- and infers thatu = U/2 at half filling. This is not un-
tween nearest neighbors,< 1 is the electron density, ambiguously correct a' = 0 as the chemical potential
and u is the “chemical potential measured from half fill- of the positivet/ Hubbard model is (in general) discon-
ing” [2] (by which, | presume, they mean the differencetinuous at: = 1 [8], with a discontinuity which becomes
between the chemical potential at electron densignd ~more and more pronounced &stends to infinity:

at half fiIIing n=1), as there is no meaning in measur- ul+e)—ul—e)=U—-2u(l —¢&), (6)
ing achem!cal potential from apartlcular_reference PoiNt)\where ¢ is a positive infinitesimal andu(l — &) ap-
They then interpreted the sharp magnetic resonance pe Koaches a constant &5— .

at 41 meV observed by inelastic neutron scattering [3—6] The origin of this discontinuity is best understood in
in the superconducting phase of Y&a,07 in terms of o same Jimit: Up to half filling, the ground state is to

this resonance, and identifieds at the appropriate elec- ;eroth order composed of configurations without doubly

tron density with the observed resonance frequency.  ccypied sites; doubly occupied sites enter only through
In order to explain why | do not agree with the iy 5 processes. The chemical potential in this regime

reasoning leading to this identification, let me first reviewyii| therefore, approach a (density dependent) constant in

_the .essential steps in their derivation [1]. Theoperator q largeU limit. Once we exceed half filling, however,

is given by the ground state must necessarily contain as many doubly

1 1 t . occupied sites as there are electrons exceeding half filling,

7d = %(COSI‘X ~ cosky)eqie-t Q= (7, m) with a zeroth order energy cost bf associated with each.

) The leading contribution to the chemical potential in that

. . . regime is thus given by/.

and is argued to be an approximate eigenoperator of the The chemical potential for the largé Hubbard model

#-J-U-p Hamiltonian with n < 1 is consequently much smaller tham /2, and

7 .
H— Z c;rgcjg " 4 Zsi s the energy of ther particle ,
(ijo @) wo = 2Un; — 2u(n) + 5 1 —-n) (7
.].
+ U D nanip — CigCio » 3 . . . .
2 1l M% ®) is of order 2 eV. This particle cannot possibly account

where electron density is determined by the chemicafor the magnetic resonance peak observed at 41 meV.
potential. This property they deduce from the commutator The physical reason why the energy of theexcitation

T 1 . . is of order U is trivial. The 7 operator places two

[H,7q] = 2(Un; — w)m, + atermlinearin/, (4) . ;
| . _ ~up-spin electrons with a center of mass momentum of

wheren; = 5 > n; is the average density of down-spin (7, ) on two neighboring lattice sites, with an amplitude
electrons. Careful scrutiny [1] then reveals that the terminsensitive to whether these sites are occupied by holes
linear inJ can be approximated bé/(l — I’l)?T;. Demler (thatis, unoccupied) or by down-spin electrons. (If one of
and Zhang obtained (1) from (4) by asserting that “thethe sites is occupied by an up-spin electron, the amplitude
leading contribution to the chemical potential is [in the vanishes due to the Pauli principle.) Therefore, assthe
large U limit] given by Un/2,” and that the first term in operator acts on the ground state for the Hubbard model
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with electron density: < 1, there is a large amplitude to purpose, let us assume that threoperator was an exact
find doubly occupied sites. Those give rise to the firsteigenoperator off,
term in (7). ty 4

Unlike the n excitation proposed by Yang [9] and [H,74] = wzma. (11)
further elaborated by Zhang [10], the excitation iS  Then the only intermediate state which would contribute

hardly a resonance. Thg operator places a pair of g the -7 correlation function defined in (8),
electrons with opposite spin on the same lattice site, and

S L T -

as the Pauli principle excludes the remaining electrons 7 (@) = L 5 UV |77 [ %)
from this site, there is no scattering between this pair "¢ '~ w — EN + E} + ie
and any of the other electrons by the Hubbard interaction )
U. The situation is different for ther operator, which Where the sum extends over all of the excited statei$,of
places a pair of up-spin electrons on neighboring sitesvould be

and thereby allow$/ to scatter any down-spin electron in PNy — N N2 13
the liquid off this pair. This scattering induces an almost hEY nma[¥o ), (13)
instantaneous decay of theexcitation, with a decay rate where JV,. is a normalization constant; we choo$¥,,

. (12

of orderU. real. Therefore, (12) would reduce to

The fact that thewr operators are not approximate
eigenoperators of the Hubbard Hamiltonian implies that 7} () = 1 S(w — w,). (14)
they do not generate an approximate SO(5) symmetry for N}

the Hubbard model [11] In the presence ofd-wave superconductivity, this

wt!grjl?\/rlwéisr]:é?eetsgd C[gr]m?:;22?2i’itg—ggrgistu%?ez jvur:iréus?esonance would also manifest itself in the spin-spin
1<l P correlation function defined in (9),

“verify that the 7= operators are approximate eigenopera-

tors of the Hubbard model” and “lend support to an inter- N 1 |<\I’,’1V|S(§|\If8’>|2
pretation of the recent neutron scattering peaks” in terms Xq (@) = T 'mZ w — EN + EN + ig’ (15)
of the 7= excitation. In Figs. 1(b), 1(f), 2(b), and 2(f) of " " 0
[2], they compare ther-7 correlation function as the exact excited staf@) would yield a singularity
t 1 atw,:
md (w) - _; N-2 + N\|12
. 1, o KWo “lmaSq Vo)l
N—2 1 + N—2 /\/Q(w) = __Nﬂ.lm — i
X Im(Wy |7y v mal¥y %) ™ W Wy T LE
w—H+Ey +ie + regular atw
| o | - ® — AN ANV — o)
with the dynamical spin-spin correlation function 7 E0 a0 © T O
N 1 + regular atw; , (16)
XQ () = ——
m where we have used
1
X Im(PY|Sg S, 1
< 0 | Q w—H + E(I)V +ie Ql 0 E[?Td,Sa] = Z(COSkx — COSky)Cchfkl =A;. (17)
9 K

where Im denotes the imaginary part a#fl the +-U  The expectation valué¥y —*|A,4| V(') is often used as a
Hubbard Hamiltonian (which does not contain a chemicakl-wave superconducting order parameter.
potential term). Ther, operator is as defined in (2), and  This effect—the manifestation of a particle-particle

. " B o resonance in the particle-hole channel in the presence

Sq = ch+QTCkl’ S =S¢ > Q= (mm) of superconductivity—persists even [i#Y) is only an
k approximate eigenstate. Hence, their interpretation.

] ) ) ] (10) These authors, however, seem to have overlooked that
is the spin density wave operator. For a ten site Hubbarghig argument can be run backwards. In the presence of

cluster with V' = 10, they find that both of these corre- gyperconductivity, a resonance in the particle-hole chan-
lation functions (as well as a mixed correlation functionpe| will manifest itself in the particle-particle channel. In

involving both, andSg) have sharp resonance peaks alparticular, if the one-magnon state
the same energy. They conclude that this “clearly demon-
strates that the peak in the spin correlation function is due W) = NsSo ¥ (18)
to a particle-particle intermediate staté w2y [2].

In order to explain why | disagree, let me first review
the reasoning leading to this interpretation [10]. For this [H,Sa] = wssg, (29)

was an exact eigenstate Hf

4899



VOLUME 79, NUMBER 24 PHYSICAL REVIEW LETTERS 15 BCEMBER 1997

this resonance would manifest itself in then correla- (&) Since the Gutzwiller projector”; does not
tion function: commute with the hopping term in (3)¥%) is not an
+ — ANZUTY 2 A NP2 S (w0 — eigenstate of the kinetic part of theJ (or Hubbard)
ma (@) = 4N [P 1Al W)l 8 (@ = ws) Hamiltonian.
+ regular atws . (20) (b) Thew operators do not satisfy all of the commuta-

Again, the effect persists even |If\II§V> is only an tion relations of the SO(5) algebra [11]. They can, how-
approximate eigenstate. This is how | would interpretéver, be used to rotate an antiferromagnetic order operator
the numerical studies by Meixnast al.[2]; a magnon into ad-wave superconducting order operator; sire
manifests itself in the particle-particle channel. commutes with the spin density wave operafgy, the

In fact, a simplegedanken experimentan decide commutator (17) reduces to
between the two interpretations. Suppose we destroy 1
the d-wave superconductivity in the ten site Hubbard 3[13[1,55] = PsA;Ps. (24)
cluster by adding a nearest-neighbor repulsion of order
U' = 4¢2/U. Then the resonances in the two differ- Since ther-J Hamiltonian does not allow for doubly occu-
ent channels no longer have to coincide in frequencypied sites, the Gutzwiller projectors in (24) have no effect
one of them may be shifted, or might even disappearon the superconducting order parametisf A, |¥y)).
Since the resonances in the spin-spin correlation func- (¢) Unpublished finite-size studies by Meixner and
tion xg (w) shown in Figs. 1(f) and 2(f) of Ref. [2] oc- Hanke [12] show a sharp peak in the dynamical spin-spin
cur at an electron density = 1 (that is, one electron correlation functionsyq (w) atn = 0.8, which occurs at a
per site), a nearest-neighbor repulsioi < U would  slightly lower energy than the resonancerij () atn =
induce only a higher order correction; it would not af- 0.6 shown in Figs. 1(a) and 2(a) of [2]. (The intermediate
fect the one-magnon resonance significantly. The nearesgtates in both correlation functions contain the same
neighbor repulsion, however, would be likely to affectnumber of particles). This result constitutes signifi-
the resonance in the-7 correlation functionw, (w) at ~ cant evidence against an interpretation of the magnetic
n = 0.8 shown in Figs. 1(b) and 2(b) of [2]. Hence, resonance peak observed in superconducting,€Bs0;

my interpretation. in terms of thew excitation, or a resonance in the particle-
Finally, | wish to offer an interpretation for the low- particle channel in general. _
energy resonances observed by Meixmeral.[2] in (d) One of the side effects of the on-site Hubbard

7, (w) atn = 0.6, a density at which the-wave super- or t-J model descriptions of the CuO planes in high-

conducting correlations are no longer present [Figs. 1(aJ. superconductors is that the antiferromagnetic exchange
and 2(a) of [2]]. interaction yields an effective attraction between holes on

The fact that ther, operator is not an approximate Nearest-neighbor sites, which is of orde§; - S;+;). In

eigenoperator of the Hubbard model does not imply thathe CuO planes, this attraction is overcompensated by the
its projection onto a specific supspace cannot be afroulomb repulsion between the holes; depending on the
approximate eigenoperator. In particular, the problenfletails of the screening by the highly polarizable O atoms
with the doubly occupied sites exposed above can b# between the Cu atoms, this repulsion is by a factor of

circumvented if one sandwiches the, operator in atleast10 Iarg(te]r than thefmhagnetlc at}ract_lorr:.. e |
between two Gutzwiller projectors | conjecture that most of the spectral weight in the low-

energy resonance peaks observed by Meieted. [2] in

P, = l_[(l — ningy) 1) the 7-7r correlation functionr; (w) will disappear at all
; e densities once a nearest-neighbor repulsion of arder
and considers the resulting operator 41?/U is introduced to compensate for this “unphysical”

1 1 magnetic attraction.

wq = PomaFo (22) Apart from the detailed considerations presented above,
as a candidate for an approximate eigenoperator of-the the 7 particle proposal does not explain why the neutron
model, which is obtained from the Hubbard model (3) byresonance peak is observed only in a bilayer system, and

taking the limitU — . Since thew excitation there only in the acoustical chanri@, = ); according
N\ _ T ayN—2 to this proposal, a similar resonance should occur in the
. V) _“N“’mdquo _ ) _ _(23) optical channe(Q, = 0) as well.
has a finite overlap with ther excitation (13) in the | am deeply grateful to Eugene Demler and Shou-

thermodynamic limit, | conjecture that the intermediate(;heng Zhang for their generosity in explaining many
state (23) is responsible for the sharp resonance peak ofspects of their work to me, to Stefan Meixner for
served by Meixneet al. [2] in the -7 correlation func-  providing me with an unpublished figure, and to Bob

tion rr:,r(w) forn = 0.6. Laughlin for his critical reading of the manuscript. This
The w excitation introduced above, however, has awork was supported through NSF Grant No. DMR-95-
number of problems: 21888. Additional support was provided by the NSF
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