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Origin of peak-dip-hump structure in the in-plane optical conductivity of the high-T. cuprates:
Role of antiferromagnetic spin fluctuations of short-range order
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An improved U1) slave-boson approach is applied to study the optical conductivity of the two-dimensional
systems of antiferromagnetically correlated electrons over a wide range of hole doping and temperature.
Interplay between the spin and charge degrees of freedom is discussed to explain the origin of the peak-dip-
hump structure in the in-plane conductivity of hi@l-cuprates. The role of spin fluctuations of short-range
order(spin singlet pairis investigated. It is shown that the spin fluctuations of the short-range order can cause
the midinfrared hump, by exhibiting a linear increase of the hump frequency with the antiferromagnetic
Heisenberg coupling strength.
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High-T superconductors are the systems of strongly corearly with » in both hot and cold spots in the Brillouin zone
related electrons which show two dimensionality in chargeand o(w) is inversely linear inw up to very high frequen-
transport. Various levels of the gauge theoretic slave-bosogies.
approach to thé-J Hamiltonian have been proposed to study ~ Various studies have been limited to a restricted range of
high-Tc superconductivity~’ Recently we proposed an hole doping and temperature, relying on empirical param-
SU(Z) slave-boson theo?yvvh|ch incorporated Coup“ng be- eters deduced from INS and ARPES. It is thus of gre.a.t inter-
tween the charge and spin degrees of freedom into th&St tO resort to a theory tha_t depends least on emp|r|cal. pa-
Heisenberg term. The predicted phase diagram showed daMeters, and fits for a wide range both of hole doping

arch-shaped bose condensation line in agreement with obséf?¢luding the important region of underdopingnd tem-
vation. Using an improved (1) slave-boson theory over our Perature(encompassing the pseudogap phase and the super-

earlier oné. in this paper we study the cause of pe‘,ﬂk_dip_conductlng phageFor this cause we use an improved slave-

hump structures of observed optical conductifit}? Various E::é)r:ll;heory of thet-J Hamiltoniarf that we developed

':jheohrles ha;/e bteen _pr;)hpose(ti_ tolexplgm th%‘ii‘;* |_s|e of the peak- Here we briefly discuss the slave-boson theory to discuss
Ip-hump structure in the optical conductivity. “HOWEVEr, ' o coupling between the spin and charge degrees of

most studies have been made to a limited range of hole dogee4om® The t-J Hamiltonian in the presence of the exter-
ing and temperature, based on empirical parameters dedUCﬁ | electromagnetic field is written as
from measurements such as the inelastic neutron scattering
(INS) and the angle-resolved photoemission spectroscopy
(ARPES data. - AR S

Using the nearly antiferromagnetic Fermi-liquid theory, : t(% (e CiptH-C)
Stojkovic and Pine¥’ reported a study of normal-state opti- 1
cal conductivity for optimally doped and overdoped systems. e —pnn | T
They showed that the highly anisotropic scattering rate in +J<i§,;’> (S S 4n,nj) M% CioCia @
different regions of the Brillouin zone leads to an average
relaxation rate of the marginal Fermi-liquid form. Their com- with S=13 el o .ci.. Here A is the external electro-
puted optical conductivity agreed well with experimental 2B o aBEp .
data for the normal state of an optimally doped sample. Us-, ) - . S
ing the spin-fermion mod&7 and spin’ susceptibility pa- tion (_creatlor)_qperator at each site, awng, is the Pauli spin
rameters obtained from INS and nuclear magnetic resonancB!aliix. Rewriting the electron operator as a composite of
Munzar, Bernhard, and Carddfaalculated the in-plane op- SPinon(f) and holor!(b)ToperatorTsci[ffi(,bi with the single
tical conductivity of optimally doped YB&£u;0,_s Their ~ Occupancy constrain; b+ 2,f;,fj, =1, we obtain the par-
study showed a good agreement with the observed peak-diftion function
hump structure at optimal doping. From the computed self-

energy they showed that the hump originates from the hot B
Z:f DbeDAexp(—f dr/:),
0

magnetic vector potentiat;, (c,) is the electron annihila-

guasiparticles and the Drude peak originates from the cold (2
quasiparticles. Haslinger, Chubukov, and Abaiaeported

optical conductivitieso(w) of optimally doped cuprates in

the normal state by allowing coupling between the spin ferwith £=3; ,ff d.f,,+2,bfd,b;+H; where H,; is the
mions and the bosonic spin fluctuations. They found that thé&J(1) slave-boson representation of the abdvé Hamil-
width of the peak in the spectral functigh (w) scales lin-  tonian[Eq. (1)],
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= (r" )i b)), with the current operatorj,(r,t)
Hig=t2, (eMTlfj,blb +ec) HLC] 1o (D ()~ G o (DG 11 o(D] and the diamag-
netic response function associated with the average kinetic
energylHD:<KXX>:<_t2i,0'(ciT,o-Ci+X,¢T+H'C'»'ls
The phase difference per unit lattice spacing associated
with the hopping order parametgf;=|x;;|e%i defines the
gauge fielda;; = d;; 6= 6;— 6; . The gauge fluctuations allow
_“2 fl,f '0+'2 Ni(Hl,fig+bbi—1). @ the back-flovd conjdition in ;association with an interplay be-
tween the charge and spin degrees of freedom originated
This Hamiltonian can readily be derived from the @U from the effective kinetic-energy term of theJ Hamil-
theory? tonian. The effects of spin degrees of freedom are manifested
From the Hubbard-Stratonovich transformations involv-through the antiferromagnetic spin fluctuations which appear
ing hopping, spinon pairing and holon pairing orders we in the Heisenberg exchange-coupling term. The antiferro-
obtain the partition function magnetic spin fluctuations of short-range oréggin singlet
pair) occur through the presence of correlations between ad-
Z:f DIDbDY DA DAPDN exd — fﬁdrﬁ (4) jacent electron spins. We consider both the amplitude fluc-
X 0 eff ) tuations of the spinon pairingspin singlet order parameter
|AT| and the gauge-field fluctuations. We first integrate out
the spinon and holon fields and take the saddle-point value
( _5)2 with respect to the holon pairing order parameter, spinon
2 {X”fngfJ ,tH.cl pairing order parameter phase, the amplitude of hopping or-
der parameter, and the Lagrangian multiplier fields in Eq.
(4). We then obtain

J
~3 %.:) bib; bl (£, f, =1, F) (1 fiy =, fip)

with L= L+ L+ L, being the Lagrangian, where

Eflo’T

J(l 8)?
2 {Af(fi = fiif ) +H.c)
F[A]=—kgTIn f DfDbDDADAPDA

for the spinon sector,

B
i xexpg — "+ LcP+
£o=3 b;’&fbi—t;_‘,){e'Ainijbinj+H.c.} eXp( fodT(c £7+Lo)
i ]

~—kaTIn | DaD|Af|(eAFTalaA 1 +FoAa[AT]
2 |AL2{ABb bl +H.c} . f al

FollA"l)
for the holon sector, and xe’ ) ®
where F'=—kgT In [Df exp(—[5d7L ") is the spinon free
energy,F°=—kgT In [Db exp(— f6d7LP) is the holon free
energy, and o= —kgT In exp(— f4d7L,). The external elec-
3 tromagnetic field couples only to the holon field but not to
+5 > [Af2AR2 the spinon field.

2.07) Considering the gauge and antiferromagnetic spin fluctua-
tions up to second order we obtain the current response func-

1
2+ Zni

1
Lo=J(1- 5)2%> [A{j 24 Z‘Xij

Here y, AT, and AP are the hopping, spinon pairing, and

. . tion
holon pairing order parameters, respectively.
We obtain the optical conductivity(w) and the current b 2
response functiohl (w) of an isotropic two-dimensional me- p 1L A+HaA b
diun in the external electric fieldE(w) by evaluating the [P N CES Y T

ot : _ M= +
second derivative of the free energy with respect to the ex o+ 1P (HbA ey A)Z

ternal vector potentiad\, T _(H2A+H2A+HLA)
() 1 6°F I, (w) (7)
o(w)= -2 ———— ==
JEx(@) E,=0 e AL A0 lw whereIl (IT°) is the spinon(holon) response function as-
sociated with the gauge fieldla (a and A), H;Y
where J, is the induced current in the direction, F = —32F/9XgY (I1%,= — 9°F/9XaY) is the spinor(holon)

=—kgTInZis the free energy, and = — 9°F/JdAZ|a —0iS  response function associated with both the gauge fields and
the current response function in thedirection. The total the spinon pairing field, an&ﬂgA is the response function
response functiodl =IT1P+1IP is the sum of the paramag- associated with the spinon pairing field. It is shown that the
netic response function given by the current-current correlafirst term represents the loffe-Larkin rdfefor the current

tion function IP(r —r,t —t)=(j(r' ,t")jy(r,t)) response function contributed only from the gauge field fluc-
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tuations, and the second term represents that from the spii
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8=0.05 (Tc = 0.035¢, T* = 0.06t)

fluctuations. Each contribution comes from the coupling be- 1 : : : :
tween the charge and spin degrees of freedom, as manifeste _ Og’g; :ggc; —
by Eq. (7). Because of the allowance of the gauge fluctua- "~ 0.8 0.05 i(T <T<T") —= |
tions in Eq.(6), the back-flow condition is automatically g 0.07 KT <T) ———
satisfied in Eq(7), that is, the sum of the spinon and holon ¢} 0.6 -
current vanishes. This can be easily seen from O
E underdoped
= 04}
(f+jPy=— EJ DaD|Af|e—,3(|:f[a,mf|]+Fb[A,a,\Af|]+FO[|Af\]) 3 J=0.3t
Z o
g 02
SFTalAf]]  SFYAalAf] a
X 5a —|— 5a 0 1 i il Y
0 02 04 06 08 1 12 14
3 -]
- ;J DaD|Af|5ie—B(Ff[a,\Af\]+Fb[A,av\Af|]+Fo[|Af|1) ® (A0°crm )
a
3=0.07 (Tc = 0.041¢, T* = 0.055t)
=0. 8 T . : , . ;
® 2 0.001 t{T<T.) ——
It is noted that the amplitude fluctuation of the spinon pairing 0.03 (T<Tg) —=—
order parameter does not interfere with the back-flow condi- § 157 iH 0'050t:)1;Ct<(¥§<TT; .............. .
tion )
: a
The response functiofl (I1°) is contributed to from < .
both the paramagnetic and diamagnetic parts. The paramac & 17 optlmally doped ]
netic response function is obtained from the current- = J—O 3t
current correlation functionsIT! (P)=(ji(r',t")ji(r,t)) % 05 7 |
=i,y for the spinon and II2(P) <
=(i(r )i, 0) = (I3 ))(i%(r 1) for the holon, and % ._

the diamagnetic response function involves the average ki- 0
netic energy of the spinon(holon). H;A (HgA)
is given by the correlations between the spin@mlon)

0 0.2 0.4 0.6 0.8 1 1.2 14
(0} (loscm_l)

current and the anomalous spinotholon pairing, .
H;4§<j;(r',t’)Df(I’,t)}b—“;(r',t')><Df(r,t)> [H.gA 5=0.10 (Tc = 0.037t, T* = 0.043t)

= (jx(r",t")DP(r, ) = (j3(r",t")}{D°(r,1))] with 4 ' T D.001HT<T) ——
D(r,t)~=[e ', | (t)f, i (t)+H.c] and  DP(r,t) 35 0.03 HT<Tc) 1
~2[b, ()b, (t)+H.c]. Here | represents nearest- 3l 0.05 (T <T) —=— |

neighbor sites around locationand 7= + /2 [+ (—) for x 0.070 H(T <T)

(y) direction| is a phase to represent the spinon pairing of
d-wave symmetryll, , represents correlations between pair-
ing currents; I\ ,=(D(r’ ,t")D'(r,t))—(D'(r',t"))
x(D'(r,t)) for the spinon pairs and TI%,

overdoped 1
J=0.3t 7

Rels (0] (10*(Q cm )™
N

=(DP(r’,t")D®(r,t))—(DP(r",t"))(D"(r,t)) for the holon Iy
pairs. 0.5

Figure 1 shows computed optical conductivities from the 0 : e =SNG
U(1) slave-bosori-J Hamiltonian[Eq. (3)] with J=0.3 for 0 02 04 06 O 1 1.2 14

the underdoped §=0.05), optimally doped §=0.07) and
overdoped §=0.1) regionsT. andT* represent the super-
conducting temperature and the pseudogap temperature, re- FIG. 1. Computed optical conductivities as a function of tem-
spectively. Compared to the presentlresult of optimal ~ Perature ford=0.05(under dopel 6= 0.07 (optimally doped, and
doping, the S(R) slave-boson theo?ypredicted a more re- ©°= O.EL (over dopedl cases with the antiferromagnetic Heinsenberg
alistic value of optimal doping close ®~0.15, by yielding ~ ¢CUPling strength 03=0.3 for all cases.

a phase diagram showing an arch-shaped bose condensation

temperature, in better agreement with observation. To avoighown here for other values dfwe find qualitative agree-
complexity, we resort to the simpler case ofll as our ments with experiments, in that the peak-dip-hump structures
prime interest lies in the investigations of the role of spinare well predicted belowl* and T¢. In Fig. 2 the hump
fluctuations and the coupling between the charge and spipeak position is seen to remain nearly constant with the
degrees of freedom on the formation of peak-dip-humpvariation of hole doping and temperature bel®#w but not
structures. The accurate ) theory will not alter the phys- so aboveT. In general, the predicted hump position tends
ics of the peak-dip-hump structure formation. Although notto shift to a lower frequency with increasing hole concentra-

o (ll)scm'])
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1.1 . - . - . - . tioned above, the neglect of the spin fluctuatifihe second
S J=0.4¢ ; term in Eq.(7)] led to a sudden disappearance of the hump
1L e m ) 8=0.05 —*— structure.
2 bl e - 520,07 —m— Although not shown here, using the preserillUslave-
2 097} _' ] boson theory the predicted spectral functions around the
] e @ .. 3=0.1 e (7r,0) point in the momentum space also showed the peak-
2 080 L T 1 dip-hump structure consistent with the ARPES data. This
g T — . J=0.3t; incoherent background or the hump around theQ)) point
B 0.7 oo e o $=0.05 —v— 1  was found to occur as a result of the antiferromagnetic spin
E i 520,07 o | fluctuations, having a feature common with the hump struc-
0.6 fo-a-e e * ' ture of the optical conductivity. Thus we conclude from these
T 8=0.1 ---o-- multifaceted studies that the spin-spin correlations or the
0.5 . . . . . . ] spin fluctuations involved with electrons around the, @)
0 001 002 003 004 005 006 007 point in the momentum space are definitely the prime cause
Temperature (T/t) of the hump structures beloW* andT..

In our earlier slave-boson approdcbf the t-J Hamil-
FIG. 2. Temperature dependence of hump position as a functiotonian not only the spin degree of freedom but also the
of antiferromagnetic coupling and hole concentration. charge degree of freedom is introduced into the slave-boson
representaion of the Heisenberg termd> (S-S
tion and with temperature, showing a gradual disappearance 1/4nin;). This is obvious from the expression of the,
of the hump A trend of rapid drop in a high-frequency re-term here, which represeﬂts the Charge degree of freedom.
gion is seen to be unrealistic. In order to find the role of spinThus the spin and charge degrees of freedom are well mani-
fluctuations, we neglected the second term in &). The fested in both the hopping and Heisenberg terms inttBe
hump structure(dotted line in Fig. 3 completely disap- Hamiltonian. This resulted in the arch-shagedcurve in the
peared, clearly indicating that spin-spin correlations or spirPhase diagrarfithe trend of which is consistent with obser-
fluctuations associated with the spin singlet excitations ar&ation. We would like to note that using one of the Ginzburg-
responsible for the hump formation in the optical conductiv-Landau theoriéS~?? of spin-charge separated superconduc-
ity (Fig. 3. For an additional analysis of spin fluctuation, we tivity, RodrigueZ” reported an arch-shapdd line. However
computed the optical conductivity using the Lanczos exacthere exists no further report on the test of this theory to
diagonalization method for a two-hole dopett 4 lattice by ~ predict observations such as optical conductivity, inelastic
introducing various Heisenberg antiferromagnetic couplingn€utron scattering, and angle-resolved photemission spec-
strengthsJ. Despite the finite-size effects, an irregular buttroscopy. One of our main objective here was to test the
gross feature of the peak-dip-hump structure is still prevalidity of our recently proposed thedrpy making a com-
dicted, indicating that the hump is originated from the spin-parison with observations. In this study we computed the
spin correlations. A linear increase in the hump position withoptical conductivity for hight cuprates based on the slave-
J is predicted. From both the slave-boson and Lanczos caloson representation of thel Hamiltonian with the on-site
culations we note that the peak locations of the hump arelave-boson constraint ,f{ f;,+b/bj=1 in a mean-field
sensitive to the variation of the antiferromagnetic couplinglevel. Thed-wave symmetry and the back-flow condition are
strengthJ, by showing a linear increase. Further, as men-satisfied in the (1) slave-boson representatipBg. (7)] of
the optical conductivity. Falcket al®® reported measure-
$=0.05 (Tc = 0.035¢, T* = 0.06¢) ments of the polarized midinfrared-reflectivity spectrum and
0.5 . . . . . . . its temperature dependence for lightly oxygen-doped
) La,Cu Oy, single crystals. They conjectured that the
0.45 r | 0.13-eV absorption band is attributed to the photoionization
04 r Lmde’”dOPed | of polaronic impurities(photoexcitation of localized holes
0.35 '\\ ] from impurities. On the other hand, we find from a rigorous
03 | “\ J=0.3t 7 study of thet-J Hamiltonian that the antiferromagnetic fluc-
025 T=0.001t . tuations of short range cause the hump structonieinfrared

Relo (@] (10°%(Q em)™Y)

02 1 band in high-T. cuprates.
0.15 | . In the present study, by paying attention to a wide range
01t - of both hole doping(underdoping, optimal doping, and
0.05 | — j overdoping and temperature T<Te, Te<T<T*, and
0 . . . . . T*<T) with no empirical parameters obtained from mea-
0 02 04 06 08 1 12 14 surements, we examined the optical conductivity as a func-

tion of frequency for the two-dimensional systems of
strongly correlated electrons. Allowing the coupling between
FIG. 3. The total optical conductivitfsolid line) vs a partial one  the spin and charge degrees of freedom as manifested in Eq.
(dotted ling contributed only from the first term and thus from the (7), the peak-dip-hump structures are predicted in agreement
neglect of the spin fluctuatiosecond term in Eq.(7). with observations. It is shown that the antiferromagnetic spin

[0} (103cm'])
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fluctuations of short range associated with the spin singlespin fluctuations of the shortest possible antiferromagnetic
pair excitations are important in yielding the observed humpcorrelation length(that is, the spin singlet paimlone can
structure, and that the hump position linearly increases wittfause the formation of the hump structure. However, consid-
the antiferromagnetic Heisenberg coupling strength. Al-€rations of both the antiferromagnetic spin fluctuations of
though not plotted, the peak-dip-hump structure was pre_correlatlon lengths larger than the spin singlet pair and the
dicted to persist in the region dft=0.1-0.4, by showing a direct-channel single-spin fluctuations at high energies may
propensity of hump height increment with increasiai. be neetied :_0 r:amedgl qtl_Ja_?tltatU;/e dlscr(:pan0|e§6:;1 thedrapld
This again indicates that the effects of spin-spin correlationgrOpS of optical conductivity at temperatures abavean

. : . __at frequencies beyond the peak location of the hump.
(fluctuations of short range are important for the formation
of the hump structure. In general, the predicted peak-dip- One of us(S.H.S.S). acknowledges the generous support
hump structures are in qualitative agreement with observasf the Korea Ministry of Education(Hakjin Excellence
tions, particularly in the temperature rangesTof Tc and  Leadership Program 20D&and the POSRIP Project at Po-
To<T<T* for the underdoped case. It is shown that thehang Unversity of Science and Technology.
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