PHYSICAL REVIEW B, VOLUME 64, 172508

Unified description of the resonance peak and incommensuration in higf-. superconductors
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We present a unified description of the resonance peak and low-energy incommensurate response observed
in high-T, cuprate superconductors. We argue that both features have a purely magnetic origin and they
represent universal features of an incommensurate spin state both below and above the superconducting
transition temperature. In this description the resonance peak is the reflection of commensurate antiferromag-
netism. Our theoretical scenario gives an account of the main features observed in various families of super-
conductors and predicts those not yet observed, like a resonance peglNi®La, .
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Neutron-scattering experiments in the cuprates reveal twgjated to the lowest-energy spinon excitation with Q in a
interesting and seemingly unrelated effectéd) the system with spin incommensuration. A key aspect of
low-energy incommensurate peaks at momenta  our analysis is the realization that the experimental obser-
=(mla,(w/a)(1= ) and((w/a)(1+ 5),w/a) (Ref. ) with  vations are different manifestations of a unique physical
incommensuratiod (in units of /a) and, (b) the so-called phenomenon.
resonance peak at energies close to 40 meV in the spin It is apparent that charge doping induces a certain spin
susceptibility at the antiferromagnetidAF) vector Q  ordering in these low-dimensional, doped, antiferromagdhets
=(mla,w/a). These experimental observations are widelyas a result of competing interactions. Indeed, in one spatial
believed to be important for our understanding of the naturelimension this can be exactly shown to be the Cadere,
of the magnetic correlations and ultimately for the under-we will only consider the spin degrees of freedom and show
standing of the superconductivity in high-materials. that, regardless of the nature of the spin correlations, univer-

On the one hand the intensity and the enelgyof the  sal features emerge as a result ofabitrary magnetic in-
resonance peak seems to scale with the superconducting aemmensuration. A relevant question is, however, up to what
herence energy scdle degree the charge channel affects the spin response and

therefore our conclusions. Since one spatial dimension is the
E,=5kgTe. (1) case that can be unambiguously addressed we have per-

This experimental observation was in fact used in Ref. 4 thON_ned ca_lculatlons on thedlt-J _model to show that our
relate the formation of the superconducting coherence to thE'aiN thesis remains unchanged in the presence of charges.
opening of a new spin-scattering channel in the supercon- From Egs.(1) and(2) one can conclude that

ducting state that is impossible in the normal state above the
superconducting critical temperatufg. Several theoretical
scenarios attributed the origin of the resonance peak to SUsith o
perconducting coherence effetts considered it as the fin-
gerprint of a collective mode in aBOQ(5) symmetric field
theory®

E,=ad 3

=(8—10)2v*. This equation could indeed imply that
the resonance peak energy and incommensuration are di-
rectly related.

on the other hand the direct tionality betwes We find that there are direct experimental predictions
n the other han € direct proportionality bEtween = 1,55 upon our analysis that can help to resolve whether the
and T, has been observed in recent neutron scattering da

fAcommensuration and resonance are direct consequences of
for LSCO and YBCO compounds an incommensurate spin state. These are
KeT.=2%v* 8 @) (i) Goldstone modes, characteristi(_: of an ordered_AF state,
¢ are shifted away fron®@ by = (#/a) 6 with a local maximum

with some characteristic and material-dependent velocityn the dispersion relatiom, atk=Q.
fiv* ~17-35 meV A, where’ is measured in units of/a. (i) Erex o, for small 6.

One could argue that there is no immediate connection (iii) The resonance peak is associated with the lowest-
between the two phenomefitn this case any relationship to energy quasiparticle excitation kt Q.
superconductivity is accidental and hence there is no unify- (iv) Absolute intensity of the resonance peak decreases
ing physics to be learned from comparing these two sets oivhen the spin gap\s (fixed ), or & (fixed Ag), or the
observations. Alternatively one can attempt to prove thatemperaturel increases.
these two phenomena are intimately related. This is the point We show that these featur@fustrated in Figs. 1 and)2
of view we will advocate in this paper: We argue for the are universal, independently of the way the incommensura-
common origin of both the low-energy incommensurate retion is established.
sponse and resonance peak as a magnetic scattering in theTo support such a claim we now present three different
disordered incommensurate spin state. In our interpretatioexamples of spin incommensuratip6?=S(S+1)] with a
the resonance peak is the spectral weight at enEfggsso- common AF background.
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FIG. 1. (Color) Spin-wave dispersion relation for an incommen- = o
suration in thex direction of = (#/a) s, i.e., O=(a/a)(1+4,1). i |
For completeness, we also display the césedigo colop where pe i
there is a spin gap\ in the dispersion relation. Fak,=0, we
recover the massless Goldstone bosors=a®. The departure from
linearity of the resonance energy @tis shown in the inset.

(i) The first example corresponds to “striped” topological [t =
ordering, where on top of an AF backbone s{#€) there is 3 =
a “ferromagnetic”(FM) incommensurate exchange coupling Iz 4
J'>0 that we model as Sik, < '

H'=-=J"> S,-Ss, 4)
(e, B)

where («,B) labels the FM link. The striped arrange-
ment of FM links inducesw-shifted AF domains. A
straightforward perturbative argument leads t&,
=(NL/N)J'(AF|S,- S4|AF)=5J’, where the ratio between
the number of FM linkd\, and lattice sitedN is §.

(ii) The second is a spin-wave argument. Assume that o
top of an AF background there is a sinusoidally modulatec

spin structure such thatS?)=ScosQ-r;), with Q=Q

QQ Q E,

FIG. 2. (Color) Energy and momentum dependence of the in-
commensurate spin fluctuations as computed from ¢é@ge The
upper panel is a contour plot of the middle one that clearly indicates
the existence of a resonance peakatQ. The intensity diminishes
as one moves away from the AF wave veo@@r The modes ak
=0. and w—0 are strongly affected by the spin gaR. As Ag
increases there is a relative increase of weight at ther] reso-
nance. The lower panel displays two cuts of the funcfk,w),
one in momentum and the other in energy,&E,). The incom-

mensurate vectors af@. = Q= (m/a)(4,0).

f; P *((w/a)§8,0). This incommensurate spin structure can be
) stabilized by adding an adequate term to a Heisenberg
FIG. 3. (Colon Same as upper panel in Fig. 2 but for a model Hamiltonian*? When one considers the simplest AF Hamil-
with both charge and spin degrees of freedom. The hole concentrdenian the spin propagatd;;(t) = —i('T'S,*(t)S;(O)) has
tion isn,=% andJ/t=0.4. an equation of motion
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2 2 re o) — ~ ~ TABLE |. Properties of various families of highz compounds.
+wi|G(K,Kk":w)=wS S 5+ S 1/ — p ging p
Lo ]G ) Stk QT Tk Q] Note thatE,=14-16 meV is our prediction for L.3CO based
+f(k—Q)f(k—20) upon the linear relation betwedf) and 5. Precise values faiv*,
S, and E, are taken from experimental data. The proportionality
XG(k—20,k";0)+f(k+0Q) E,~T.~ 6 holds within 10% accuracy.
X f(k+ 2Q)G(k+ 2Q,k';w) (5) Compound L§:.CO YBCO;g5 YBCOgzs Bi2212
with momentum-dependent frequenajf=—f(K)[f(k+Q)  #v* (meVA) 17 35 35 29
+f(k—0)] andf(k)=S[ - J(D) + I(k) ], whered(k) is the & (’I“ev)_t 13‘1;6 R 33 " 38 .
Fourier transform of the exchange interaction. This can bé (r.l. unity ‘ : ' '

easily solved by using either a continued fraction ¢ (K) 30 89 62.7 84

representatiorf of G or mapping its equation of motion to a References 7 10.7 7 16,17
Harper-like Hamiltonial® that can be diagonalized using
standard methods. A simple analysis shows that for s/hall

E, 6 while Goldstone modes appear @t The spin-wave k=Q channel is gapless and the size of the AF region is
dispersion re|atiorwk has a local maximum d{:Q (See infinite. In the lower panel of Fig. 2 we Clearly show that
Fig. 1). both the low-energy incommensurate respoSgk, w) for

(iii) Finally, one can use a Schwinger-boson mean-fieldixed energyw,] and the resonance pep&(k,w) atk=Q]
description of an AF Hamiltonian, as in the spin-wave casehave the same magnetic origin.
including a term which gives rise to an incommensurate spin e consider now the effect the charge degrees of freedom
p|']a_s(_jl.4 Even though the Schwinger-boson approach doegave on the spin dynamics. To this end, we have calculated
not explicitly break the spin SU(2) symmetry, as in the spin-S(K, ) for a 1d t-J model (16 sites; the results are shown
wave approximation, both give the same qua”ta‘[ive featureg] Flg 3. Clearly, the main universal features are still there:
for w, and the dynamic magnetic structure facBfk, o). Goldstone modes at the incommensurate pointss) peak

From these examples one recognizes that certain featur@k=Q, etc. The particle channel contributes to establish the
are universal, regardless of the way the incommensuration i§commensuratiotieach charge carries an antiphase bound-
established. In Fig. 1 we show the low-energy spin-waveary for the AF order paramet®ut once it is established the
dispersion relation obtained following exampl@s and(iii) ~ main qualitative features in the spin dynamics remain un-
which basically lead to the same qualitative results. We obchanged. This seems to be the case for any doped AF Mott
serve the appearance of Goldstone modes at the incommeifisulator whenever its state is spin incommensurate.
surate wave vecto®. The resonance enerds, (insed is 'These generic featqres have been.observed in YBCO'and
linear in & for the values of incommensuration observed ex-B12212. In LSCO the Incommensuration has been certainly
perimentally. We have also considered the case where thefa&@sured although there is no indication of the presence of a
is a spin gap\; in the excitation spectrurf?. Note that the resonance peak. However, th|s_ quest!on still has to be clari-
value of E, is not greatly affected by the introduction of a fied _experlmenta}lly, although Itis poss'b'? that a great_degree
spin gap. of disorder in this compourjd is responS|bIe for washlng_ ogt

At low energiesS(k, ) provides information on the spec- the peak and decreasing its intensity. Our calculation indi-

tral weight of the lowest-energy spin-quasiparticle excita-cates that the relative weight of the resonance peak decreases

tions (Fig. 2. In the presence of long-range order, Goldstoneand the weight at the incommensurate points increases with

~ decreasing spin gapps. This might explain why the reso-
bosons appear &=Q in »=0 due to the spontaneously ,,nce has not been observed in LSCO where the spin gap,
broken SUW2) symmetry. The spectral weight, that is propor-

. . ilind K h . As~7 meV, is substantially smaller than in YBCO. From
tional to the magnetic susceptibilif(k,w), then diverges at picture we predict a resonance peak &

k=Q andw—0. In the presence of a spin gégs it seemsto  =14-16 meV for LSCO. Table | summarizes the magnetic
be the case for the cuprajethese peaks become finite properties of the different families of cuprate superconduct-
and indicate the presence of short-range spin correlation @js. Using the linearity betweeR, and 5, and the fact that
k=0. E, is linear in § for an incommensurate systefwith small

The low-energy peaks merge into a broad commensuratcommensuratiod), we can also explain the linear relation
response &t=Q (Fig. 2), where the resonance peak emergesbetweenE, and T, measured in YBCO and Bi2212. Note
as a fingerprint of the incommensurate nature of the spihat our interpretation provides a definite meaning to the ve-
state. The intensity of the resonance peak decreases wilbcity #v*, which is directly proportional to the rate of
increasingd. This can be understood as follows: The incom-change of the resonance enekyas the result of changes in
mensurate phase is an AF state modulated with a séall the spin incommensuratiof.
therefore, in the presence of incommensurability, there are Within our magnetic scenario one can qualitatively under-
still AF regions of size 2/4 in the x direction. Under these stand why in the superconducting phase the intensity of the
conditions we expect a high intensity for the spectral weight(s,7) peak will be enhanced, independently of the mecha-
of the lowest-energy spin excitation lat Q which is remi-  nism that drives the superconducting state: Since holes mov-
niscent of the divergent weight which is obtained when theng in an uncorrelated fashion in an incommensurate AF
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background carry an antiphase domain wall, whenever supechange in intensity above the level of a weaker, normal re-
conducting or pairing fluctuations coexist they will tend to sponse. From our description this fact can be related to the
“annihilate” those domaingholes form pairsand make the decreasing number of antiphase boundaries due to pairing
system more AF. These fluctuations produce some degree €ifictuations. These fluctuations transfer spectral weight from
disorder with wavelengths longer than the incommensuratehe region around the incommensuréatgoints into the re-
wavelength. The net. effect is a transfer of intensity i”gion near the commensurake=Q point® In addition, the
S(k,w) from the k points near the incommensurate wave presence of a gap, regardless of the superconducting mecha-
vectors Q.. towards thek points near the commensurate nism, reduces the spin-particle scattering increasing the anti-
point Q (this is seen in calculations of thed1t-J mode).  ferromagnetic fluctuationsE, emerges as the result of the
This scenario is consistent with the temperature dependeng@mpetition between antiferromagnetigwhich can lead to
of the incommensurate magnetic response observed igharge confinemeptand delocalization(driven by kinetic
Lay geST.14CUG;. ~_ energy therefore defining an additional characteristic energy

To sharpen our argument about the purely magnetic origiRcale. From our findings, is intimately related to the emer-
of the resonance peak in the incommensurate state we t“ﬁént length scalé. The purely magnetic origin of the reso-
now to thenonsuperconductinga;NiOy, . This is a mate-  nance peak explains why it has been observed afqve
rial where the existence of charged stripes is Well\jost of the previous descriptions of the origin of the, ér)
established® From our model we expect that in the striped resonance®® invoked coherent effects or collective modes
phase of LaNiO the magnetic incommensuratitiexists  present in the superconducting state. These theories cannot
with the resonance peak. We estiméte-40—70 meV for  eyplain the many cases where the resonance has been ob-
La;NiOy 13- It would be interesting to see whether high- served above the superconducting transifichn indirect
energy neutron-scattering experiments can be done on thignfirmation of our phenomenology is related to recent ex-
material to search for a resonance peak in an insulating Maserimental observations on the effect of nonmagnetic Zn im-
terial. . _ purities in YBCO It is known that Zn doping suppresses

In conclusion, we argued that both the low-energy incom-gperconductivity and at the same time leads to a resonance

mensurate response and resonance peak have a Commgihy apover,, seemingly due to increased AF correlations.
magnetic origin. They are natural consequences of an incom-

mensurate spin state. Superconductivity is not the cause of Work at Los Alamos is sponsored by the U.S. DOE under
the resonance peak although it could be the consequence Gbntract No. W-7405-ENG-36. We also acknowledge useful
incommensuration. There is an anomaly in the temperaturdiscussions with P. Bourges, P.C. Dai, I. Martin, H.A. Mook,
dependence of the resonance peaR &tT. with an abrupt D.K. Morr, J.M. Tranquada, and S. Trugman.
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