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Charge modulations in the superconducting state of the cuprates
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Motivated by the recent scanning-tunneling microscdfM) and neutron-scattering experiments, we
investigate various charge-density wave orders coexisting with superconductivity in the cuprate superconduct-
ors. The explicit expressions of the local density of states and its Fourier component at the ordering wave
vector for the weak charge modulations are derived. It is shown that the STM experiments in
Bi,Sr,CaCy0Og, s cannot be explained by a site- or bond-centered charge modulation alone, but agree well
with the presence of the dimerization hopping and transverse pairing modulations. We also calculate the
spectral function for the charged stripes, which is measured by angle-resolved photoemission spectroscopy
experiments.
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The coexistence of charged stripes and superconductivitwhere ek =ty +t;(cosK,+cosK,)/2+t,cosK,cosK,
in high-T superconductors has attracted a lot of both experi-+ t5(cos K, + cos K,) /2 + t,(cos K,cosK, + cosK,
mental and theoretical attention recently. In a scanningcos X,)/2 + tscos X,cos X, and  Ag=Ay(cosK,
tunneling microscopySTM) experiment, Hoffmaret al. ob- —cosK,)/2. For nearly optimally doped BSr,CaCyOs 5,
served a four-cell check broad local density of stét€30S) to_s=0.1305, —0.5951, 0.1636,—0.0519, —0.1117, and
modulation around the cores of superconducting vortices iy 0510 e\M For underdoped YB&£U;Og 35, to_,=0.2445,
Bi,Sr,CaCyOg. 5 by applying a magnetic fieliThe charge  _ 1.2000, and 0.360CeV) andt3_5=0.0 eV (6% doping.
modulation occurs in the Cu-O bond direction and in theg . ok superconductors, we choasg=0.0400 eV.
energy range &E<12 meV. Very recently Howaldt al. The charge modulations can be introduced phenomeno-

discovered similar charge modulation at enerdy loai : e -
- . S _logically into the Hamiltonian(1) by adding the charge or-
=25 meV but in absence of magnetic fiéldthe neutron dered parameters, which have a general form

scattering experiments on underdoped YBaOq 35 have
also shown the charge density wave order with a pﬁ(/eriod of
eight lattice constants coexisting with superconductivity. = 7 * o f

gTo explain the STM spectr?i in 5@%21&4308”, )z; He ;r (T oo™ TicCoCicron)
number of theoretical studies bas%dé%n different models have
been carried out by various authdrs.’ However, it is im- t T * t A1
portant to determinye the correct charge density wave orders + 2 (OCkeqiehe T Okek Clkq tH-C). (2
in order to understand the origin of the charge stripes. In Ref. )
8, Podolskyet al. analyzed in detail the influence of various WhereQ=Qe, (Q= m/2 for Bi,Sr,CaCyOs. s and /4 for
patterns of translational symmetry breaking on the Fouriet Ba;ClsOg 39, fi(=f_k_q), andgx(=g_k-_q) describe
component of the LDOS at the ordering wave vedpby  the hopping modulations and pairing modulations, respec-
employing an approximate technique. They concluded thaively. ~We note that fi=X\;,\e 9% \;c0sK,
the STM experimenfsare consistent with the periodic +Q/2)e '%? and \,cosK, are the site-centered, bond-
modulation in the electron hopping. In contrast, by the nu-centered, longitudinal dimerization, and transverse dimeriza-
merical simulation of ad-wave superconductor with two- tion charge modulations whilg =\scosK,+Q/2)e '
dimensional site charge-density wave, bond charge-densi§nd AgCosK, are the longitudinal and transverse pairing
wave, or pairing modulation, the pairing amplitude modu|a-modulationé In this paper, we restrict our discussion to the
tion comes closest to the experimental curves of Ref. 2.case of weak charge modulations, i.e., smad| and do not
Therefore, there is no consensus about the constitution of treonsider the influence of the incommensurate spin orders to
charged stripes. In this paper, in order to explain well thethe LDOS. In fact, the spin orders were not observed
STM experiments, we solve strictly thé¢wave supercon- experimentally.
ductor with one-dimensional weak charge modulations. The Taking the Bogoliubov transformation
results show that the dimerization hopping and transverse

pairing modulations are consistent with the STM experi- Chk+mQ1 = Ekmo¥kmo — km1¥kma
ments. We also discuss angle-resolved photoemission spec- 3
troscopy(ARPES experiments on the charged stripes, which v mot = Ekm1¥kmo + Exmotikmi

verify the existence of the hopping and pairing modulations. ) i o
We start from the mean-field Hamiltonian ofcawave Where k is restricted to the reduced Brillouin zone,
superconductor, m=0,1,2... N=(27/Q)—1, &m,=3[1+(—1)"€mo
/Ek+2mQ]: gkmogkln;zl:Ak+mQ/2Ek+mQy_ a_nd Ek+mQ
Homoe e+ S Ac(chict e +C g Cr), 1 :(€k+mQ+Ak+mq)_ , the total Hamiltonian H=Hpcg
BeS % €KPKotKo ; k(Ck1Cok, k1Ck1) @ +H¢ can be rewritten as
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H= E( 1) Es mo¥lme it 2 ALabd, 1m(K)

kmvy’

+ B 1K) 1 10 Wkmar + H- €3, 4)

m+1m(k) fk+mQ[( 1)V+ gkm-%—lvfkmv
— &km+ 1o+ 1Ekmyr + 1] and m+1m(k) Ok+mQ

[(= 1) &1 G 1+ (= 1) Ems 101 kmr -
We define two-point Green'’s functions

where

G (kK 0) == AT [ ) Py, (0)]), (5)

where F¢(7) denote the Fourier transform ¢f(7) in Mat-
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and introduce the 2y+1) vectorsg andg,

subara frequencies. Then the equations of motion for the

Green'’s functions are
[i@n=(=1)"Ex+ molGiy (K,K'5i p)

—E( D" el fics (me1Q0 1 1 (K 51 0p)

7/

+ f’kc-%—ngrVn-:lmr(kak/;iwn)]

=2 (D" Eempr o+ 1[G+ (m=1)9 me 1 (KK 5T @)

"
14

0% meF s 1 (KK 1 00) 1= S S S, (6)
where
G (KK i)
=2 (-1 DY & s G (K, K ST 0p).
(7)

Obviously, combining Eqgs.6) and (7), the anomalous
Green'’s functions in Eq(5) can be solved by inverting a
2(N+1)X2(N+1) matrix. To this end, we define

1

—(—1)" Ek+mQ

(k |wn)_

an(Kiiwn) =2 &m,Go(Kjiwy),

bn(Kiiwn) =2 (—1)"Exmpéimy+ 18 (Kii 0p),

Cm(Kiiwp)= E gﬁmy-}— ng'ly(k; iwn),

(kK i)

mm’
=(= 1) S S Exmps v Gy (Kl @),
®)

ov' 1v'
0 gom! goml
g :
g:(gl), gO: ) g1: ) )
ov' 1v'
gNmV gNm!
(2 1v’
g()m' gOm'
¢ ,
g=(>, o’= . g'= 9
g ov' v
gNm’ gNm’
From Eqgs.(6) and(7), we obtain
G=(1-M)"1g, (10
wherel is the 2(N+1)X2(N+ 1) unit matrix and
Mll M 12
M=| 2t Mm22 (11

with M, M2 M2 andM?2 being N+ 1)x (N+1) ma-
trices whose matrix elements are as follows:

Mll

mm’

(amfk+mQ+ bmgk+mQ) 6m+1m’ + [amfk+(m 1)Q
+ bmgk+(m—1)Q] é\m— im’»

12
Mmm’ (amgk+mQ b f +mQ)5m+lm’+[amgk+(mfl)Q

- bmfk+(mf 1)Q] 5mflm’ )

1
M mm' (bmf:-# mQ+ Cmgz-# mQ) 5m+ mt [bmfk+(m— 1)Q

+ Cmgk+(m—1)Q] 5m— im’»

M22

mm’

= (bmg:+ mQ ™~ Cmf:+ mQ) 5m+ mt [bmgk+(mf 1)Q

_Cmfk+(mfl)Q] Om—1m’ - (12)

We note that the charged modulations observed in STM ex-
periments are weak, i.efy,mo and gy,mg (Or \’'s) are
small. Expanding Eq.(10), we have G=(I+M+M?
+---)g. From Eq. (7), we finally obtain the Green’s
functions,

(kK i)

mm’
- EN (—1)- V")ngmvﬂ,,g;’nn:,(k,k’;iwn).
13

To compare with the STM experiments, up to the first
order in\'s, we derive the local density of states,

214515-2



CHARGE MODULATIONS IN THE . .. PHYSICAL REVIEW B 66, 214515 (2002

T T T T T 025 v . . . v T T T T T
0.3 q 0.4 4
(a) 020 (b) (©
024 ) 0.15 03+ 7
2 o w w
£ 01 B = 0104 T 02 1
=] 5 g o
g g0d i g 0054 ]
s [ T 01 g
—_ g X =
E 01y 1 3 2
& O -0.05 & 004 1
£ o2 J ] @
o o o i
0,104 014 |
0.3 b -0.15
T T T T T T T T T T 02 T T T T T
0.2 -0.1 00 a1 02 0.2 0.1 0.0 01 02 0.2 0.1 00 01 02
o (eV) o (eV) o {eV)
T T T T T v T T T T
03 0.3
(d) (e)
. 02 . 02
2 2]
E 5
.0 A
£ £
& =
Z oo 3 o004
5 2
) 9
LSt T o1
0.2 y v T 02 v T T T
02 0.1 0.0 02 0.0 01 02
o (eV) o (8V)

FIG. 1. Energy dependence Rg(w) of the Fourier component of the LDOS &= (7/2,0) for Bi,Sr,CaCyOg, 5 with different
charge-density wave order&) Site- or bond-centered charge-density wae.Longitudinal dimerization charge-density waye) Trans-
verse dimerization charge-density wavd) Longitudinal pairing modulation(e) Transverse pairing modulation. In both) and (d),
Repg(w) was multiplied by—1 to compare conveniently with the experiments.

+bm(k;iwn)am+l(k;iwn)]}|iwn~>w+i0+1 (14)

1
P(r:w): - ;Im E [_‘7:<Cr0'(/7-)(:3-(7'(0)>:||i(1)r]4>a;-%—i(.)Jr

where NV is the number of sites in the lattice arg,
=N, Crimose ® T T Obviously, the first term in
Eqg. (14) is nothing but the LDOS for superconducting state.
The other terms are the LDOS modulations with period
27/Q due to the hopping and pairing modulations, respec-
tively. The Fourier component of LDOS at the ordering wave

2 _ .
== 3m ;ﬂ {amn(K;iwn) + (fi mo€' @ " +c.C)

X[am(K;iwp)am+1(Kiiop)
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FIG. 2.
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Repg(w) at Q=(7/4,0) for YBa,Cu;Og 35 With the same charge-density wave orders as in Fig. 1.
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FIG. 3. Spectral functiofk(w) Vs w at variouskK for Bi,SrLCaCyOg, s With hopping and pairing modulations.
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pol@)=7 2 e '¥p(r,0)

2 . .
= m % {fk+mQ|m[am(k;|wn)am+1(k;|wn)

—bn(Kjiwn) by 1(Kiwg)]

+gk+mQ|m[am(k;i op)bm1(Kiop)

It is clear that when several of the charge-density wave or-
ders exist simultaneously, the totad(w) is obtained by a
superposition of those on them.

In Fig. 1, we show the real parts pf(w) for different
charge-density wave orders in ,B8ir,CaCyOg, 5, Whose
imaginary parts are zero or are proportional to its real parts.
Obviously, the experimental curvéBig. 3) of Ref. 2 cannot
be explained by the site- or bond-centered charge modulation
alone[Fig. 1(a)]. But our results for the dimerization hop-
ping [Figs. 1b) and Xc)] and transverse pairing modulations

+by(K;iw,)a, K;iw i i0+- 15 : . ; :
m(Kii@n)am-1(k; “)]}l'wn%’+IO+ (19 [Fig. 1(e)] are consistent with the STM experiments. Be-
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FIG. 4. Spectral functiok(w) vs w at variouskK for YBa,Cu;Og 35 with hopping and pairing modulations.
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cause the imaginary part gfo(w) observed in the STM in Fig. 1 and Fig. 2 are very d_iffergnt due to the different
experiments is small, we conclude that the charge stripes afdering wave vector and doping in two superconductors.
mainly formed by the transverse dimerization hopping and 0" the dimerization hopping modulatioigs. 2b) and

transverse pairing modulations. We note that our results ar‘%gc)]’ Repq(w) has a single peak rather than two peaks. For

: . e pairing modulation§Figs. 2d) and Ze)], there exist a
;sort'rk:ewhat d|ffere?t from t.hos.e C:QfF;eg 8\,Nand| this mtaytkl? et?ﬁétrong peak and a weak peak at symmetric positions. These
0 the approximations using in Ret. ©. Vve also note that eagits are expected to be verified by the STM experiments.

charge modulations discussed in Ref. 9 are two dimensional Finally, we discuss the ARPES experiments on the charge
but ours are one dimensional. . stripes, which measure the spectral function. From Egjs.

Figures 2a)—2(e) show Repg(w) for YBa,Cu;Og 3sWith  and (13), we obtain the spectral function up to the second-
the same charge-density wave orders as in Fig. 1. The curvesder correction,

Ax(w)=An(k, )

1
=— ;'m[_f<ck+mQT(ﬂcl*"‘m(o))]

iwnﬂeriO*
1 . i .7 * . *
== ;Im am(k;iwn) 1+ [Am+ - 1K T @) i (mrv-1)0 T Pms - 1K T @n) Ok s (m - 1)0]

X[amt (KT @n) Fit (mrv—1)0F Bt (KT 00) Gkt (mt - 1)0]
+[bm-1(K;i 0n) i (m-1)0F Cm-1(K; 1 @) G4 (m-1)0]
X[am(K;i@n)Gk+ (m-1)0~ Bm(Kiiwn) fiy (m-1)0]

+ [bm+1(k;i wn)fk+mQ+ Cm+1(k; i wn)gk+mQ][am(k; i wn)g:+mQ_ bm(k; [ wn)f:+mQ]]

i(4)r1~>tjz)+i0+

=Agk (@) + 6Ak(w). (16)

The first term in the above equation is the spectral function In summary, we study the effects of various charge-
of the superconducting state. The others are those due to thiensity wave orders on tllewave superconductor. We con-
weak charge modulations, which are the second-order smatlude that the dimerization hopping and transverse pairing
quantities. Obviously, the spectral functioAg(w) for dif- modulations and experimental results are in excellent agree-
ferent hoppingpairing modulations have similar energy de- ment. The origin of such charge modulations is due
pendence at the same momentlim So it is difficult to  to the hopping and gap disorders in the superconductor,
clarify to which kinds of hoppingpairing modulations the ~which will be investigated in detail in another papér.
charged stripes belong by the ARPES experiments. HoweveWe also discuss the ARPES experiments on the charged
the hopping and pairing modulations have unique energy destripes, which can distinguish the hopping and pairing modu-
pendence forAx(w) which could be distinguished experi- lations.

mentally. Figure 3 and Fig. 4 show the spectral functions The author thanks Professor C. S. Ting for useful discus-
Ak(w) at various momentd& for Bi,Sr,CaCyOg. s and  sions. This work was supported by the Texas Center for Su-
YBa,Cu;05 35 With hopping and pairing modulations, re- perconductivity at the University of Houston and by the Rob-
spectively. ert A. Welch Foundation.
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