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Analysis of the resonance peak and magnetic coherence seen in inelastic neutron scattering
of cuprate superconductors: A consistent picture with tunneling and conductivity data
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Assuming the exchange of antiferromagnetic spin fluctuations as the Cooper pairing mechanism we calculate
the doping dependence of the resonance peak seen in inelastic neutron scattering and the magnetic coherence
effect. Most importantly, we find that the resonance peak in the magnetic susceptibilipfglm), appears
only in the superconducting state, that it scales With and that magnetic coherence is a result dfwave
order parameter. We further analyze the structure of Ioelow T, the position of the peak aé,.s and the
consequences for photoemission, tunneling spectroscopy, and the optical conductivity.

DOI: 10.1103/PhysRevB.63.054517 PACS nuniber74.72—h, 74.20.Mn, 74.25:q

For analyzing the pairing mechanism in hih-super- sonable agreement with experiments. Most importantly, we
conductors it is important to understand the spin-excitatiorfind that our electronic theory can explain consistently within
spectrum as observed by inelastic neutron scatt¢twg).1>  the same picture inelastic neutron scattering, optical conduc-
In particular the doping and temperature dependence of thévity, and SIN tunneling data. Furthermore, the same physi-
spin susceptibility Imy(q, ») and its relationship to the su- cal picture gives results for underdoped and overdoped
perconducting transition temperatufg are important. INS cuprates.”® . . o
experiments show the appearance of a resonance peak at!n order to analyze the kinematic gap and the position of
®,0¢ ONly below T, (Ref. 1) and find a constant ratio of the resonance peak |t. is instructive to start with the bare
wes/ Te=5.4 for underdoped YBL£wO,_; (YBCO) and Lindhard BCS susceptibilifyat q=Q= ()
overdoped BjSr,CaCyOg.. 5 (BSCCO.?~° Recent INS data

on La_,Sr,CuQ, (LSCO) reveal strong momentum- and 1

frequency-dependent changes of}u, ») in the supercon- Imxo(Q,w)= 35 Ek {[1-2f(Ep)]o(w+2Ey)
ducting state, which the authors called magnetic coherence

effect® In particular, Imy(Q;) with Q;=(1*48,1*8)7 is +[2f(Ep) —1]8(0—2Ey)}, (1)

strongly suppressed compared to its normal-state value be-

low w=8 meV, while it increases above this frequency. Fur-wheref(E,) is the Fermi function and, = ‘/62k+A2k is the
thermore, the incommensurate peaks become sharper in tagpersion of the Cooper pairs in the superconducting state.
superconducting stafeSeveral theoretical approaches havewe use a gap function withd-wave symmetry, A,
been considered for the resonance peakits relation to the = Ao(cosk—cosk)/2, which can be calculated self-
spectral function seen in angle-resolved photoemission spegonsistently within our FLEX approach. For the normal-state
troscopy(ARPES and tunneling dat*>and for the mag- dispersion, we employ a tight-binding band
netic coherenc but no unified theory has been presented.
Here, using an electronic theory, we perform calculations to
demonstrate the significance of the feedback of superconduc-
tivity on Im y. This permits us to derive for underdoped and
overdoped cuprates the relationship between different meddere, t is the nearest-neighbor hopping energly,denotes
surements like optical conductivity and tunneling. So far thethe ratio of next-nearest-neighbor to nearest-neighbor hop-
resonance peak and magnetic coherence have been treafgdg energy, angk is the chemical potential. We uséas a
separately and in both cases without taking into account thifitting parameter in order to describe the Fermi surface to-
important feedback of superconductivity on im pology of both materials YBCO and LSCO. In E{.) we

In this paper we use an electronic theory for the spintaket’=0 and, for simplicity, we do not consider a bilayer
susceptibility and for the Cooper pairing via exchange ofcoupling via a hopping integral . %% Im y4(Q,») involves
antiferromagnetic spin fluctuations to analyze the consetwo characteristic frequencies. The firaty g, arises from
guences of the superconducting feedback on magnetic cohete density of states of the Bogoluibov quasipartidies.,
ence and the resonance peak, and on the relationship betwettie Cooper paijswhich have a gap in their spectrum due to
INS, tunneling, and optical conductivity. The investigation superconductivity,wpos=2A(X,T). Here, x is the doping
of the effect of superconductivity on lgnis an extension of concentration. The secona,, at which Imyy(Q,w) starts
our previous work%!® Using random-phrase approximation to increase, represents the existence dfwave supercon-
(RPA) and self-consistent FLEXRef. 16 calculations for ducting order parameter and is the so-called kinematic
Im x(g,w), we present results for the kinematic gap spin  gap/?° We point out that fort’>0.3 the kinematic gap is
gap wg, wes, wres/ Te, and the gap functiod (w) in rea-  washed out.

€= — 2t[ cosk,+ cosk,—2t’ cosk, cosk,— u/2]. (2)
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7kmemat1° gap o Rexo(Q,w,es) has been investigated in detail in Ref. 10,
where it was found that the spin-density-wave collective
mode that satisfies Ed4) can explain the dip and hump

: , , feature observed in the photoemission spectra on BSECO.
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In the superconducting state one finds thaj lpeaks reso-
nantly atw,.s Wherew,.s=2A as it can be already seen from
= Eq. (1). More precisely, we find fooptimal doping where
-05 04 -03 02 01 00 01 02 03 04 05 06 Eq. (4) determines the structure of Iy the important rela-
8 tion w,es(T)=2A4(T) —ws¢(T). Physically speaking, the

FIG. 1. Numerical results for the resonance peak and magnetifSonance peak appearing in INS only beldwis mainly
coherence in the weak-coupling limita) Imaginary part of the ~determined by the maximum of the superconducting gap, but
RPA spin susceptibilityin units of states/e)/versuse in the su- ~ rénormalized by normal-state spin excitations. This provides
perconducting state at wave vectpr Q= () for U/t=1,2,3, @ Simple explanation for the observed 41 meV resonance
and 4 (from bottom to top. As in Ref. 1 we findw,ec=41mev. ~ Peak in optimally doped YBCO because Raman data sug-
Below the kinematic gamso, Im x(Q,) is zero.(b) Calculated ~9€St 22=58 meV(Ref. 22 and wy=17 meV (at 100 K as
magnetic coherence: the solid curves correspond to the supercofiXtracted from NMR experiments.
ducting state whereas the dotted curve is calculated in the normal In Fig. 1(b) we show results for thej dependence of
state. The observed four peaks occuQat (1+ 48,1+ 8)w and in  Im x(0,»). We perform our calculations fod =2t and a
the figure we show only the peaks@i=(1,1* 8)#. In our calcu-  superconducting gap of2=10 meV as measured in Raman
lations we find5~0.18. These results are in fair agreement with scattering in optimally doped LasSr, ;:Cu0,.?* For o

experiments, see Ref. 6. =10 meV we get two peaks at=Q; . In the superconduct-
ing state we find a sharpening of the peaks due to the occur-
In Fig. 1(a), results for the spin susceptibility rence of a gap. This simply means that the lifetime of the

quasiparticles is enhanced due to a reduced scattering rate.
Im xo(Q, ®) At 4 meV these peaks are strongly suppressed as seen in the
Im x(Q,w)= 3 experimenf Furthermore, we find no signal fas<4 meV.
[1-URexo(Q,w)]>+U?[Im xo(Q,w)]? This is due to the kinematic gap seen in Figa)lwhich is
, ) independent of]. Note, the situation would be totally differ-
are shown. Here) stands for an effective Hubbard interac- gy if | SCO would have an isotropic gap where all states for
tion. We choosd’ =0.2 in order to describe the Fermi sur- 0<w<2A,=20 meV would be forbidden. In this case no
face topology of both YBCO and LSCO. Generally, oneyjnematic gap(or spin gap would be observed. Thus, we
finds that the structure of Im is determined by Ino i can conclude from Fig. 1 that, already in the weak-coupling
(URexo)#1 and by (J Rexo)=1 if this can be fulfilled.  jimit where no lifetime of the Cooper paifge., A indepen-
We again find the_ two chqracterlstlc frequencieg and  gent of w) is considered, we are able to explain the reso-
@res=wpos at which Imy is peaked. Furthermore, one pance peak and the magnetic coherence effect.

clearly sees that for increasing the peak in Imy shifts to In order to consider the important feedback effecon
lower energies, and most importantly, becomes resonant fghe spin excitation spectrum, we now discuss our results ob-
U=U,, which satisfies the condition tained in the strong-coupling limii.e., » dependentsolv-

ing self-consistently the generalized Eliashberg equations
B o within the FLEX approximatiort>® Note that onlyU/t and
U, Rexold=Q 0= wred, 4 the tight-binding dispersion relatiog(k) (with its band fill
ing u) enter the theory as free parameters.
which signals the occurence of a spin-density-wave collec- In Fig. 2(a) we present results for Imp(Q,w) calculated
tive mode. The real part is givelat T=0) by for U=4t and for an optimum doping concentration x
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overdoped regime, witfi <A, (Ref. 18, we find a constant ratio
03} of wes/T;=8.
3 In Fig. 3 we show results fow,.s as a function of the
> doping concentration. We find that for a fixadl Eq. (4)
cannot be fulfilled in the overdoped ca&®éChus we find that
o1 in this regime the resonance peak is mainly determined by
Im xo(Q,w) and thus by A,. On general grounds one ex-
0.0 L L ‘ ‘ pectsT,xA, in the overdoped regime, where the system
05 -04 -03 02 -01 00 01 02 03 04 05 behaves mean-fieldBCS) like. Recently, this has been con-

o/t firmed within the FLEX approach Thus, we conclude that

FIG. 2. Consistent picture of INS and tunneling dd&.Imagi- wﬁ.S/hTF SlhOUId Ee ahconétam rgtlo‘l WFT‘ ﬂgg’g%:&.:&
nary part of the RPA spin susceptibility @& Q= (7, ) calculated which is larger than the observed value in IS 1S

within the FLEX approximation. For the normal stgtotted we due to an underestimation 8¢ within FLEX'_ .

get w=0.1t and in the superconducting state we obtaif.. In contrast to the overdoped case we find in the under-

=0.13. Assumingt=250 meV we find that 0.16-40 meV. Inset;  doped regime, wherel.«ns (ns denotes the superfluid

Imaginary part of the gap function &t=0.075T for wave vector density,'® that the resonance condition E@) yields w,es

g=(1r,0). (b) Calculated density of states for the same parameter& ws¢, Which is decreasing. Note that the superconducting

and temperatures as (). gap guarantees that E@) is fulfilled. Thus we find a de-
creasing resonance frequency for decreasing doping in agree-

=0.15 (u=1.65). In the normal stat@lotted curvgéwe find  ment with earlier calculations:?’ To summarize our discus-

ws=0.1t, whereas forT<T, the resonance peatsolid  sion we have the following result:

curve appears ab,.s=0.18. The dashed curve corresponds

to T=0.9T. where the superconducting gap starts to open. Wsf underdoped

Thus, the peak position reveals information on the tempera- wres~{ 280~ wsr, Optimal doping (7)
ture dependence of the superconducting gap. For tempera-
turesT<0.75T. the resonance peak remainsagt=0.1% 240, overdoped,

and only the peak height increases further. We find that thgnere the optimally doped case correspondsdg=0.15

height of the peak is of the order of the quasiparticle lifetimey, j|ag per copper site. This predicted doping dependence of

Ul (wre), wherel'(k,w)=wImZ(k,w)/ReZ(k,w). Z de-  hq resonance peak position should be further tested experi-
notes the mass renormalization within the Eliashberg theorymentally.

Thus we can conclude that the resonance peak becomes ob-|n order to discuss the consequences of our analysis, in
servable because the scattering rate decreases drastically b@rticular the feedback of superconductivity on yrfor

low Tc_-lo ) ~ various superconducting properties, we defive

In Fig. 2(b) we show the corresponding calculated density
of statesN(w). Below T<<0.75T. we find that the value of U2 (= ) ' o' —w
2A determined from peak to peak stays approximately con- M2 (@)=— TJ_mdw coth 57| —tanf —=

stant and is very close to the valug.s seen in INS, i.e., 41

meV, as shown in Fig.(2). This is in good agreement with

measured SIN tunneling data in Ref. 25. However, in SIN xIm X(Q,w’); |o—w'|—Ey), 8
tunneling a renormalized value ofA2is observed. Note, a

direct measurement @ (w) (e.g., SIS tunnelingwould lead  whereN(w)==,8(|w|—E,) is the density of states. Equa-
to higher values. For example, we show in the inset of Figtion (8) is valid in both the normal and superconducting
2(a) the imaginary part of the gap function at wave vectorstate. It permits discussion of how mug{w) reflectswg;
g=(m,0) where the gap has its maximum. It is peaked a@nd w,.s, for example. We see that the feedback of super-
0w=0.278. conductivity on Imy causes approximately a shift for the
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160 ' ‘ ' ‘ the scattering rater '(w) agrees qualitatively with
140 | —2ImX(w) in the normal state. However, in order to get a
120 gquantitative agreement with experimental data one has to use
> 10| 7 Y w)=T(Q,w). This is shown in Fig. 4, in good agree-
© ment with Ref. 29. From this analysis we can conclude that
E 80 optical conductivity data and thus the lifetime of the quasi-
T 60t particles, as well as the resonance peak and SIN tunneling
0l data, can be understood within our electronic theory.
In summary, we are able to explain consistently all char-
20+ .- . . . .
acteristic facts about the spin excitation spectrum and its
Y o1 02 03 04 0.5 doping dependence in highs cuprates within an electronic
o/t theory. In particular we find that the resonance peak is a

rearrangement of spectral weight of the normal state, which
FIG. 4. Calculated scattering rate in the normal state Tor happens only below.. Furthermore we show that magnetic

=1.5T. (dotted curvg using Eg.(8) and superconducting state coherence is connected with the resonance peak and can be
0.75T, (solid curve using Kubo formula and yielding a threshold explained by a kinematic gap and bydavave symmetry of
(2A¢+ wed. The results are in fair agreement with Ref. 29. the superconducting order parameter. By taking into account
the feedback of superconductivity on jq,w) we argue
that ARPES results, tunneling data, and measurements of the
optical conductivity are consistent. This further strengthens
spin-fluctuation exchange as the relevant mechanism for
Cooper pairing in highfF, cuprates.

elementary excitations— w+ A for the superconducting
state in the spectral density? Im x(Q, w)/4. Note using Eq.
(6) for Eg. (8) would not take into account the important
feedback of superconductivity on Ig{w). Hence we use for
the superconducting state the Kubo formula and calcutate It is a pleasure to thank A. Chubukov, J. Schmalian, E.
from (GG+FF). Equation(8) can be used to demonstrate the Schachinger, T. Dahm, D. Fay, and C. Joas for stimulating
relationship between INS and optical conductivity measurediscussions. One of ud.E.) would like to thank the Alex-
ments for the normal state. Using Drude theory we find thaander von Humboldt Foundation for financial support.
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