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The recently discovered coexistence of incommensurate antiferromagnetic neutron scattering peaks and
commensurate resonance in underdoped,@ig0;, , is calling for an explanation. Within theJ model, the
doping and energy dependence of the spin dynamics of the underdoped bilayer cuprates in the normal state is
studied based on the fermion-spin theory by considering the bilayer interactions. Incommensurate peaks are
found at[(1+8)mr, 7] and[w,(1=8) =] at low energies, withs initially increasing with doping at low dopings
and then saturating at higher dopings. These incommensurate peaks are suppressed, and the §asameter
reduced with increasing energy. Eventually it converges tq theé]| resonance peak. Thus the recently ob-
served coexistence is interpreted in terms of bilayer interactions.
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The interplay between antiferromagnetigéF) and su- lenging issue for theory is to explain the coexistence of this
perconductivity(SC) in high-T cuprates is well established energy-dependent ICAF scattering and commensurate reso-
by now? but its full understanding is still a challenging issue. hance in bilayer cuprates. .

Experimentally, inelastic neutron scatterifi\S) can pro- Theoretically an ICAF peak was interpreted, among oth-
vide rather detailed information on the spin dynamics of€'S: In terms of Fermi-surface nestthg’ or stripe forma-

. : ~ , tion.!® The energy dependence of the IC paraméten en-
QOped_ single layer and bllayer cuprafes’ An '|mpo.rtant ergy for underdoped YBCO makes the stripe interpretation
issue is whether the behavior of AF fluctuations in these_ it itficult to accept. On the other hand, the commensu-

compounds is universal or _not. A distinct featu_re of single-.5te resonance peak has been interpreted as due to spin-1
layer La_,SKCuQ, (LSCO) is the presence of incommen- collective (particle-holg excitation$?*%or particle-particle
surate antiferromagnetidCAF) peaks at low energy INS, excitation§% or interlayer tunneling’ These theoretical

i.e., the AF scattering peaks are shifted from the AF wavereatments mostly addressed the SC state, and relied heavily
vector [, | to four points[7(1=6),7] and[w,(1=8)] (in  on adjusting band structure parameters such as the next-
units of inverse lattice constaniith & as the incommensu- nearest-neighbor hoppirg, etc. To the best of our knowl-
rability (IC) parameter, which depends on the doping con£edge, the ICAF peak and the commensurate resonance peak
centration but not on the energy. Moreover, an ICAF peak i¢" underdoped bilayer cuprates have not yet been treated
observed both above and beldly in the entire range of from.a_unmed point of view for the normal state. No explicit
doping, from underdoped to overdoped sampfédn con- predictions on the doping and energy dependences of the

. . ICAF peaks have been made so far.
trast, a sharp resonance pdakound 41 meVYis observed in In our earlier work using the fermion-spin thedfythe

optimally doped bilayer YBZCwOg .« (YBCO) at the com-  qynamical spin structure factéDSSH has been calculated
mensurate AF wave vectgr, 7] in the SC staté® Such a  for | SCO within the single layet-J model?° and the ob-
resonance has also been observed in underdoped YBC@Qined doping dependence of the IC paramétiarconsistent
samples with a resonance energy scaling down with the S¢ith experiments:2In this paper we explicitly show that, if
T., being present both below and abdlge.® Recently, this  the bilayer interactions are included, one can reproduce all
resonance peak was observed in another class of bilayer S@iain features in the normal state observed experimentally on
cuprates BiSr,CaCyOg.. 5 (BSCO.” Such a peak has, how- YBCO.®° including the doping dependence of the ICAF
ever, never been observed in LSCO. A very important develpeak at low energies ardr,] resonance at relatively high
opment is the observation of ICAF peaks in underdopedenergy. The bilayer band splitting in BSCO has been ob-
YBCO in both SC and normal states, with the INS patternserved in the angle-resolved photoemission spectroscopy in
and doping dependence being very similarear in doping  both normal and superconducting staté$he convergence

for low dopings to that of LSCCP® However, the IC peak of ICAF peaks at lower energies to commensurate resonance
position is energy dependent in underdoped YBCO. A chalpeak at higher energy is rather similar to the scenario argued
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in Ref. 10 for the SC state, and the DSSF we derive from thavith Jo=J[(1—p)?>—#?] and J, 5=J[(1—p)>— ¢*],
simple t-J model (without additional terms and adjustable wherep is the hole doping concentration, the holon in-plane

parametensexplicitly demonstrates this convergence.
The t-J model in bilayer structures is expressed as

__tz Cala' ai+no ME (Cl|oCZig+h-C-)

aino

_ME CaloCa|a+‘]2 Sait Sa|+7;+‘]iz Si- S,

aio aiy
@

where 7=+X, *y, a=1 and 2 are plane indices, a;
=Cli0C,i/2 are spin operators withr=(0y,0,,0,) as
Pauli matrices. Thé-J Hamiltonian is supplemented by the
single occupancy local constramt,cgwcaigs 1. This local
constraint can be treatedroperly in an analytical form
within the fermion-spin theory based on the slave particle
approach,

=h!.s:

al?

hS_

al?

)

where the spinless fermion operatoy; keeps track of the
charge (holon), while the pseudospin operat@,; keeps
track of the spir(spinor), and theow-energyHamiltonian of
the bilayert-J model [Eqg. (1)] can be rewritten in the
fermion-spin representation as

alT all

+S:8, ;)

_tz ha|+,7 al(

ain

a|+77
+u2 (hlihy +h%h1)(S)iSy+S;Ss)

+M2 ha|ha|+‘]eff2 Sii Sa|+77+‘JJ_effE S-Sy,
ain
()

S(k,w)=—2[1+ng(w)][2IMD, (K, )+ 2ImD1(K,w)]= —

where the full spinon Green’s function is

D 1(k,0)=DO Yk, )~ 2O (k,0), (7)

and bilayer hopping parameterg= <ha|ha,+,]> and ¢,
=(hl.hy), and S}, (S;) as the pseudospin raisir{gpwer-
ing) operators. In the bilayer system, because of the two
coupled Cu@ planes, the energy spectrum has two branches.
In this case, the one-particle spinon and holon Green’s func-
tions are matrices, and are expressed as

D(i—j,v— 7 )=D (i—j,7—7")+7,D(i—j,7—7"),
—jir=7),

4

respectively, where the longitudinal and transverse parts are
defined as

Di(i—j,7=7)=—(T,S5(nSy()),
gLi—j, 7= 7)=—~(Tha(Dhl(7),
Dr(i—j, 7= 7")=—(T,S5(1S,(7),

gr(i —(T,ha(nhL, (7)),

with a#a’, while 7, is the Pauli matrix in the pseudospin
space of the layer index. Within this framework, spin fluc-
tuations only couple to spinons, but the strong correlation
between holons and spinons is included self-consistently
through the holon’s parameters entering the spinon propaga-
tor. Therefore, both spinons and holons are involved in the
spin dynamics. The universal behavior of the integrated spin
response and the ICAF peak in underdoped single-layer cu-
prates were discussed within the fermion-spin theory by con-
sidering spinon fluctuations around the mean-fighdF)
solution?® where the spinon part was treated by the loop
expansion to the second order. Following the previous dis-
cussions for the single layer case, the DSSF of bilayer cu-
prates is obtained explicitly as

gi—j,7—7")=gu(i—j,7—7")+ 7,09(i

(5

—jir—1)=

4[1+np(w)](B{)2ImI{F(k, w)
[0 = (0{")2-BMPRE (K, 0) 2+ [BMIMS Y(k,w)]?’

with the longitudinal and transverse MF spinon Green's

functions

DO(k,w)=1/2>, B[ w?—(0{")?],

DOk, w)=1/2>, (—1)" B[ 0?—(0{)?], (8)

(6)
[
respectively, where=1,2, and
Im3 Dk, w)=1m3 & (k,0) +Im3 (k,0),
&3k, 0)=ReS®(k,0)+ R (k,w), 9)

while Im2&(k,w) (IME2P(k,w)) and RES(k )
(Re3{9(k,w)) are the imaginary and real parts of the second
order longitudinal (transversg spinon self-energy, respec-
tively, obtained from the holon bubble as
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whereyk=(1/2)2;7e‘k‘;7, Z is the coordination number, and

B =By—J el X, +2x% (—1)"1[e, +(—1)"],

Bi=N[(2ex*+ x) vk—(ex+2x%)],  N=2Z1,

e=1+2tplley, €, =1+4t, b, 13, o, (12

FO(k,p.p ) =ne(&) ) [1-ne(0)]
—ng(w{DINe(e) —ne(£))],
F) (k,p,p ) =ne(€ ) [1-ne(£0)]

+[1+ng(w{ ) INE(E) —ne(£))].
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FIG. 1. The dynamical spin structure factor in the (k,) plane
at dopingp=0.06, temperatur@=0.1J, and energyw=0.35] for
t/3=2.5,t, /t=0.25, andJ, /J=0.25. A quasiparticle damping
=0.01] has been used in all results presented.

=N a(C?+ €°Cl2) + (1—a)(1+ €)/(4Z)
—ae(xl2+ ex?)IZ]
+aNd, o €€, C, +2C2 1+ 3% (2 +1)/4, (14)
Xi=aN el (€, x+ex, )2+ GQ(XE "‘XZ)]a

Xo=—aNJ, el €€, x/2+ €, (x*+ C? )+ €C, 12]— €, 3% /2.

The spinon correlation functions are
X=(S2iS,, ;)
=(SLiS3),

C*=(11Z3)=;;

X*=(S, X1 =(SiSz),

[ al+77>

C=(1/12>)=;; -S

a|+7;> and

77’ < a|+7;

C.=(L2)S(S4S,, 5.

andC? = (1/2)=;(S};S,, o) In order to satisfy the sum rule
for the correlation functlor{ iS,i»=1/2 in the absence of
AF long-range ordel(AFLRO) a decoupling parameter

has been introduced in the MF calculation, which can be
regarded as a vertex correctithAll these parameters have
been determined self-consistently, as done in the single-layer

< a|+7] a|+77>

ne(£7) andng(w{) are the fermion and boson distribution case?’

functions, respectively, and the MF holon and spinon excita-

tions are
& =2Ztx yt pt2x,t (1),

(0= wi+AG(—1)"* Y,

(13
with w2=A1 2+ Aoyt Az, A= Xyt X
A;=aeN?(xI2+ ex?),
A,=eN(1—2Z)a(exl2+ x?)IZ
—a(C*+Cl2)— (1— a)/(22)]

—aN e €(CT+xT)+ € (C +ex,)/2],

At half-filling, the t-J model is reduced to the Heisenberg
AF model, and the AFLRO gives rise to a commensurate
peak af 1/2,1/7] (hereafter we use the units [@7,27]). In

Fig. 1, we plot the DSSFS(k,w) in the (k,k,), plane at
doping p=0.06, temperatureT=0.1J, and energy o
=0.35) for t/J=2.5, t, /t=0.25, andJ, /J=0.25, which
shows that a commensurate IC transition in the spin fluctua-
tion pattern occurs with doping. At low energies and lower
temperatures, the commensurate peak close to half-filling is
split into four peaks af (1= 6)/2,1/2] and[1/2,(1* 6)/2].

The calculated DSSIS(k,w) has been used to extract the
doping dependence of the IC parameiép), defined as the
deviation of the peak position from the AF wave vector
[1/2,1/7], and the result is shown in Fig. 2 in comparison
with the experimental dataaken on YBCO(inseb. &(p)
increases initially with the hole concentration in the low dop-
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FIG. 2. The doping dependence of the incommensurakilip) . .
of the antiferromagnetic fluctuations. Inset: the experimental results /G- 4. The energy dependence of the position of the incom-
on YBCO taken from Ref. 9. mensurate peaks at=0.06 andT=0.1J for t/J=2.5,t, /t=0.25,

and J, /J=0.25 (left ordinate$ vs the experimental results on

ing regime, but it saturates quickly at higher dopings, inY222C%0sss in the superconducting state taken from Ref. 10
semiquantitative agreement with the experimental didtp- (right ordinates:
parently, there is a substantial difference between theory anﬁj] . . . A
experiment, namely, the saturation occurat0.10 in ex- t e_magnetlc scatte_rlng peaksgvé\]nth energy in Fig. 4._For com-
periment, while the calculation anticipates it alreadypat Ea(;'sé%n’ Tg f:p(farm;ﬁntglcret t|t0fYB§2CU3Qe¥F]< with X f.
~(0.05. However, upon a closer examination one sees imme- = (.pN. 14) or the S g € IS shown In € same Tig-
diately that the main difference is due to the appearance cif{rs A(\:smglar exptﬁrlm_egtz;ll resN (I)hfg ali\(l)trl])eenholt);amed for
an ICAF peak at too low dopings in the theoretical consid- & u%[ I6:1X tWI X= b't _(p; b Id)'. th ougl hesig fex—
eration. The actual range of rapid growth of the IC parametepherlmen a | ata were Oh ane q ed w,d ey also 007 or
S8(p) with dopingp (around 4—5 %) is very similar in theory the ”Ogma Stat‘?.'” the underdoped Tegime . P
and experiment. sO._lZ). The anticipated positiomw,=0.5]~50 meV (Ref.

For considering the resonance at a relatively high energg? IS not too far from the peak=30 meV~37 meV ob-
we have made a series of scans &k, ) at different en- Served in underdc_)ped YBCbMoreover,_the resonance en-
ergies, and the results for dopinm=0.06, t/J=2.5,t, /t EAY@r 1S p_roport|onal top at small d.opmgs. We have also
—0.25 andl. /J=0.25 atT=0.1J. andw=05]. are shown ™Mmade a series of scans 6(k,w) at different temperatures,
in F.ig ’3 Comearir;g it with F.ig ’ 1 for the.sa,me set of pa- and found that both IC peaks and resonance peaks are broad-
ramet.ers. except fom=0.35) We.see that IC peaks are en- ened and suppressed with increasing temperature, and tend to
ergy dependent, i.e., alth(,)ugh these magnetic scatterin _nish at high temperatgres. This reflects that the spin exci-
peaks retain the IC pattern &t1+8)/2,1/2] and [1/2,(1 tations are rather s.harp in momentum space at low tempera-
+ §)/2] in low energies, the positions of IC peaks move to-tures, compared with the linewidth, and the inverse lifetime
vT/ard[1/2 1/2] with incréasing energy, and then thi2,1/2] increases with increasing temperature. Our result is in quali-

’ . : ! tative agreement with experimerts.

resonance peak appears at relatively high energy (

_ . i . Now we turn to discuss the integrated spin response,
0.8). To show this point clearly, we plot the evolution of which is manifested by the integrated dynamical spin suscep-

tibility, and can be expressed as

N
o

|(w,T)=(1/N)Zk Y'(K, ), (15)

where the dynamical spin susceptibility is related to the
DSSF by the fluctuation-dissipation theorem g5(k,w)
=(1—e #*)S(k,w). The results ofl(w,T) at doping p
=0.06 int/J=25, t, /t=0.25, andJ, /J=0.25 with T
=0.1J (solid line) and T=0.2) (dashed ling are plotted in
Fig. 5 in comparison with the experimental ddtmken from
YBa,Cu;04., « (insed, where the dotted line is the function
~ arctafia; w/T+ag(w/T)%] with a;=6.6 andaz=3.9. These
results show thalt(w,T) is almost constant fow/T>1, and
FIG. 3. The dynamical spin structure factor in thg (k,) plane  then begins to decrease with decreasi@ for w/T<1. It
atp=0.06 fort/J=25,t, /t=0.25,J, /J=0.25, andw=0.5] at IS quite remarkable that the integrated susceptibility in the
T=0.1J. bilayer cuprates shows the same universal behavior as in the

-

S(k,®) (arb.units)
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0.6 ing to an ICAF peak. However, R4%(k,w) cancels out
______________ __ most contributions from R&®(k,®) at relatively high en-
““““ ergy, then the anomalougl/2,1/2 resonance reappears.
Therefore, bilayer band splitting plays a crucial role in giv-
ing rise to the resonance. What we calculate is the acoustic
spin excitation with modulations in thec direction
L] «sir(mze, L), wherezg,, is the distance between two nearest
NETRCRE Cu layers, and. is thec-axis coordinate in reciprocal space.
—3 arton (o/07) This reflects theantiferromagnetic couplingpetween layers,
ot and is fully confirmed by experiments!®
0.0 ~ * \ | In conclusion we have shown that if strong spinon-holon
0 1 2 3 4 5 interaction and bilayer interactions are taken into account,
o/T the t-J model per se can correctly reproduce all major fea-
tures of INS experiments in theormal statein underdoped
FIG. 5. The integrated susceptibility at=0.06 fort/J=2.5,  bilayer cuprates, including the doping and energy depen-
t, /t=0.25, andJ, /J=0.25 in T=0.1] (solid ling) and T=0.2J  dence of ICAF at low energies anfd/2,1/2 resonance at
(dashed ling The dotted line is the functiorb,arctafiaiw/T  relatively high energy. In fact the ICAF peaks converge to
+ag(w/T)’] with a,= 6.6 andas=3.9. Inset: the experimental result the commensurate resonance as the energy is increased. In
on YB&Cu;0; ., taken from Ref. 23. our opinion, the difference in the AF fluctuation behavior
) ) . between LSCO and YBC@BSCO is not due to the pres-
case of the single-layer cupratsand 'S scaled approxi- gnce or absence of stripes, but rather to the single or double-
mately asl (w, T)=arctafia, w/T+as(w/T)"]. This resultis  |ayer structure. OFf course, this has to be checked by further
consistent with experiments. . experiments. It is possible that at some particular energy, a
The DSSF in Eq(3) has a well-defined resonance char-grong commensurate resonance peak coexists with weaker
acter, wheres(k,w) exhibits peaks when the incoming neu- | features, as shown in Fig. 3.
trgn enelrgyw isl equal to the renqrmalized spin excitation  after submitting this paper, we became aware of recent
Ef=(0l")?+BMREN(K,E), ie, W(k;,w)=[0® NS measuremerfbproviding evidence of a sharp commen-
_(w(ki))z_B(ki)Rez(Ls‘l)'(kcaw)]zz(wz_E§C)2~O for certain  surate resonance peak beldwy in the single-layer cuprate
critical wave vectork.. The height of these peaks is deter- TI,Ba,Cus . s near optimal doping. However, aboVe, the
mined by the imaginary part of the spinon self-energyexperimental scans show a featureless background that
1/1m3. (k. , ). This renormalized spin excitation is doping gradually decreases in an energy- and momentum-
and energy dependent. Since 3RB(k,»)=ReS ) (k, w) independent fashion as the temperature is lowered. The INS
+ RSO (k,w) with R&S®(k,0)<0 and RE®(k,w)>0, N the SC state has not been considered so far within the
fermion-spin approach, and we need to extend our studies for
both single-laye® and bilayer cases to the SC state, where
holon Cooper pairs are formed, and the spinon self-energy

——

® 6.5 meV

l(®,T)

0.2

there is a competition between Ri_@(k,w) and
ReE(TS)(k,w), which comes entirely from the bilayer band

;{{Ielztt(lsr;gk At low fenerﬂg?s) tl?e mﬁl]n con:rclztxjélon lt(o originates from both normal ananomalousholon bubbles.
L1(k, ) comes from RB[7(k,w). Then an P€aK  Lance the renormalized spin excitation in the SC state is

emerges, where the essential physics is almost the same as\)&y different from that in thevormal state and it may be

single-layer cuprates; detailed explanations were given ifg|ateq to the magnetic peaks detected in the SC state. These
Ref. 20. Near half-filling, the spin excitations are centere

around the AF wave vectdd/2, 1/7], so the commensurate nd other related issues are now under investigation. On the
' ' . other hand, we emphasize that although the sirgdlenodel
AF peak appears there. Upon doping, the holes disturb th b 9 i

L : . Eannot be regarded as a comprehensive model for a quanti-
AF tIJtacI;groltlfnd. W'E[h'nt the t_ferml?nh-slpln frarr:jewo_rk, aS 3tative comparison with the doped cuprates, our present re-
result ot seft-consistent motion of holons and SpINONS, aly, g for thenormal stateare in semiquantitative agreement

ICAF peak is developed beyond a certain critical doping, i the major experimental observations in thermal state
which means the low-energy spin excitations drift away fromof the underdoped bilayer cuprafe®:2®

the AF wave vector, or the zero 9¥(k 5, ) is shifted from

[1/2,1/2 to ks, where the physics is dominated by the  This work was supported by the National Natural Science
spinon self-energy I&(_S)(k,w) renormalization due to ho- Foundation of China under Grant Nos. 10074007, 10125415,
lons. In this sense, the mobile holes are the key factor leadand 90103024.
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