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Possible origin of the broad peak around 450 cm? of the c-axis optical conductivity
of the underdoped YBgCu;0g¢. in the superconducting state
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The main features of the-axis infrared optical conductivity of &,._,2-wave superconductor with the
interlayer hopping assisted by the spin fluctuations are investigated theoretically. It is surprising to find that the
interlayer hopping assisted by the spin fluctuations not only gives rise to the pseudogap structueaxishe
infrared optical conductivity, but also leads to a broad peak anomaly af#xés infrared optical conductivity
in the superconducting state. Based on these results, we propose an interpretation of the broad peak anomaly
observed in the-axis infrared optical conductivity of underdoped YfaiOg, , in the superconducting state.
Namely, we argue that this broad peak anomaly originates from the mechanism of the interlayer hopping
assisted by the spin fluctuations.
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I. INTRODUCTION model of the competition between interlayer direct hopping
and the hopping assisted by the spin fluctuations. In Sec. Il
The c-axis optical conductivity of underdoped we discuss our results. The paper concludes with a summary
YBa,Cu;Og. 4 in the superconducting state shows that therdn Sec. IV.
is a broad peak around 450 cf) a pseudogap starts to
emerge well abovd; and does not form a Drude peak at Il. THE THEORY
=0, and the gap continues to deepen gradually as the tem-
perature is lowered and there is no sign of an anomaly at
Te '.1 *What is the_ origin of the broad [_)eak anomaly? Somemterlayer direct hopping and hopping assisted by spin fluc-
believe that the origin is due to phondfié.Others speculate oo pa e S
that the origin is due to some kind of resonance taking place
between optical phonons and electronic gap excitations H=HO+H®@+H;, (1)
2A,.! Here we explore an alternative explanation, in which
the anomalous behavior of tleeaxis 0ptica| Conductivity in WhereH(l) is the Hamiltonian for the One-layer carrier of the
the underdoped cuprates arises from the interlayer hopping@PPing junction. It contains all many-body interactions and
assisted by the spin fluctuations. It should be noted thaltaS adyz.y2 Symmetry superconducting ground state. Simi-
neutron-scattering experiments have unambiguously showd'y, H'? has all the physics for the two-layer carrier of the
the presence of short-range antiferromagnetic spin correld!oPPINg junction. These two are considered to be strictly
tions (fluctuationg in cuprate superconductors such asmd(elzg)er}%ent. Not only do these two operators commute,
La, ,Sr,CuO, and YBaCusOg, , at all doping levelsy, [HHH ].=O,' but they commute term by term. The inter-
and some anomalous physical properties of high-temperatngyer hopping is caused by the tety in Eq. (1):
superconductors have been explained in terms of antiferro-
magnetic spin fluctuatioms*® In a recent papéf we devel- Moo
oped a theory oft-axis electronic conductivity due to the T JN
competition between interlayer direct hopping and the hop-

Following the idea of Ref. 14, the Hamiltonian describing
-axis transport properties due to the competition between

> [SYK -Kke,,Cl)c?,
Kk pup!

ping assisted by the spin fluctuations. On the basis of the +8(2)(k—k’)aﬂ,ﬂc’k‘,l(z)TCf(ﬂnL H.c]

theory we analyze the experimental data of thexis elec-

tronic conductivity of YBaCu;Og. 4 and conclude that in 1 i’ ~(D) 1 (2) i ~(2)F (D)
the underdoped regime the interlayer hopping assisted by the * \/_N kkz ) [Dic Ck Cicr D Ci Cicul-
spin fluctuations is dominant. Here we demonstrate that the e

antiferromagnetic spin fluctuations also have important influ- 2

ence on the form of-axis optical conductivity. In particular, : . . :
if the interlayer hopping assisted by the spin fluctuations iSHere,J 's the constant of the interlayer hopping assisted by

dominant, then the antiferromagnetic spin fluctuations affecthe spin fluctuationsD,’ is the interlayer direct hopping
the c-axis optical conductivity and lead to the broad peakmatrix elementg, . is the Pauli matrix elemeng()(q) is
anomaly of thec-axis infrared conductivity of the under- the i-layer spin-fluctuation operator, ar@{)"(C{)) is the
doped cuprates in a superconducting state. i-layer carrier creatiofannihilation operator. Physically, in-
The paper is organized as follows. In Sec. Il we develop derlayer hopping assisted by spin fluctuations arises from the
theory of thec-axis optical conductivity on the basis of the spin fluctuations scatterinfrepresented bys"(q) which
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couples to the quasiparticles with strendihwhich is analo- lattice constant, andl is the c-axis interlayer distance.

gous to the standard case of phonon-assisted hoppiy, A (k,w;) and B"(k,w;) are the normal and anomalous

cept that the spin-fluctuation operator replaces the phonospectral functions for the electron in thiayer,ng(w) is the

operator. Then the current operator of interlayer direct hopFermi function, ng(w) is the Bose function, and

ping and hopping assisted by spin fluctuations is given by Im y~ *(k,w) is the spin-fluctuation spectral functiowhere
we only consider the intralayer spin correlation

iedJ Because we primarily study the interlayer hopping of the
= D(k'—k (1)1(2) . . . .
Je N kk,E , [SP(k K) 0 Cic Ck' ! quasiparticle, we neglect the effects of the in-plane interac-
e tion and simply choose the following approximation for
+5(k—k" e, Cl)—H.c] AD(k,w;) andBO(k,w;) (see Ref. 18
S [ e, —pprc® b, AD (K, w) =2m{ ugd(hw;—EL) +ofs(fiw+ EP)],
NI " ()
() and

After the standard procedure is applied to the conductivity in
thec direction(cf. Ref. 18, the optical conductivity is given

BO(k,w) = —wﬁ[uza(ﬁw-—E(i>)—v25(hw-+E<i>)]
by the following formula: 1 @i E LK i~ Ek k iTE)

d sf, (8)
o(w)=0¢(w)+o(w). (4) where
Here,og(w) is due to interlayer direct hopping and is given .
b
y A= > Ao(T)(cosk,a—cosk,a) 9
oy _4e’d 1 , _ , .
o(w 5 2f 5 E Dk dNe(@") —Np(e’+ )] is the order parameter in the superconducting st&ﬁ_eand
a” N vi are the usual superconducting coherence fackft5are
X[AD (K, 0" ) AD(q, 0"+ o) the excitation energies of the superconductor in itheyer
' ' which have the following form:
+BY(k,0")BA(q,0' + )]/ w, (5)
Ey=[ei+AL1"2 (10)
while o (w) is due to interlayer hopping assisted by spin
fluctuations and is given by with
s 632 2d2 doy dw2 ex= — 2t(coska+ coskya) — 4t’ coskya coskya— .

Heret andt’ are the nearest- and the next-nearest neighbor
+Ng(w+ w1~ ) J[Np(w~ ) —Ne(w) ] hopping amplitudes ang is the chemical potential. Then

XImy~ " (k—=0, 0+ 01— 0,)[AY(q, ;) from Egs.(5)—(8) we obtain thec-axis optical conductivity

of interlayer hopping of the quasiparticle as follows:

X AP(K,w,) +BM(k,01)BP) (g, w,) )/ o, (6) ,
+ 1
Whereaif(w) is the optical conductivity of hopping assisted ()= Uc(w) T (@), (12
by spin fluctuationseg is the unit chargea is theab-plane  with
|
e’d 1 ek gt ALA Sk€rrg T ALA
d 2 kek+q k=k+q k€k+q kBk+q
=—— 1+ Sley—hw—eg)+|1- ———=—"—
el fia® N? q m”( EvExiq ) (e~ hw=eq) ( EvEiiq )
+AA
X 8(ex—hotey) |[Np(ex—fiw)—ne(e) [/ho—|| 1+ 8k£kEiEk s k+q) d(exthw—eg)
+q
 EkBkagt AkBiag
+( —EkEk+q dexthowteg)
X[np(8k+ﬁw)—np(sk)]/ﬁw], (13

which is due to interlayer direct hopping of the quasiparticle, and
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30,t? e CAA
: ; o k€k+gT AkBk+g
(o) N2 qu, HImX (K,eqgtho—grg)[Ne(eq) +Nelegthiow sk+q)](1 EErC )
exerratTAA
X'Hm)(+(k18q_ﬁw+8k+q)[nF(8q)+nB(8q—ﬁw+8k+q)](l—%)
q

X[NE(eicq—h o) ~Ne (e Vo —| IMmx ¥ (Keq=ho— e () +NelEq—ho— ey g)]

eLe +A A
x| 14— I<+E(|1E|<+k - HImx~ T (Keqtfiot e g)[NE(sq) tNe(eqthotecq)]
a
ExEk+qT AAg
x| 1 e e x[nF<sk+q+hw>—nF<sk+q>1/ﬁw], a9
a

which is due to interlayer hopping assisted by spin fluctuabroad peak anomaly observed in tb@xis infrared optical
tions. og=J?%e?d/ha’t? is a characteristic-axis conductiv- conductivity of underdoped YB&u;Og_ in the supercon-
ity scale. AboveT, the gapA, goes to zero, and Eq13) ducting state. Therefore, by substituting Ed5), the phe-
andEg. (14) reduce to the normal-state expressions. Oumomenological form of the spin-fluctuation spectral function;
model contains two limiting cases. In the limi=0 and Eg.(9), the order parameter in the superconducting state;Eq.
Dy q#0, only interlayer direct hopping is present. The oppo-(10), the excitation energy of the superconductor; and Eg.
site limiting case is thaDy ;=0 andJ#0 (i.e., only inter- ~ (11), the single-particle energy spectrum into Ef4), the
layer hopping assisted by spin fluctuations is presebe¢-  c-axis infrared conductivity arising from interlayer hopping
cause in the underdoped cuprate interlayer hopping assist@gsisted by spin fluctuatior{se., neglecting direct hopping
by spin fluctuations is dominaft,interlayer direct hopping and only considering hopping assisted by spin fluctuations
can be omitted. Thus in the next section we will calculate theve have computedrif(w)/oo [instead of crﬁf(w)] versus
c-axis infrared conductivity of ad,. ,>-wave supercon- #w/t. Note that here and hereafter, has been redefined,
ductor with hopping assisted by spin fluctuations only for thenamely, o,=FJ?e?d/#a%>2. In the computation for

underdoped cupratgé.e., Dy ;=0 andJ+0). YBa,Cu;05  YBCO), we choosefiwg=34 (meV), #y
=10 (meV), and&=12 (A) for the values of the parameter
IIl. RESULTS of the spin-fluctuation spectral function in the superconduct-

ing state and the normal state near the superconducting tran-
In this SeCtion, we first introduce the Spin—fluctuation sition temperaturé’c . It should be pointed out that the val-
spectral function. Then we present and discuss the resulfes of these parameters were estimated in Ref. 19 from the
computed by using Eq14), which was derived above. neutron-scattering experiments in the superconducting state.
A recent papef investigated in-plane infrared conductiv- The values of the parameters of the single-particle energy
ity caused by mobile charge carriers coupling to spin fluc-spectrum used aret=200 (meV), t'/t=-0.3, and
tuations based on the following phenomenological form of; /t= —1.12° The temperature-dependent part of the order

the spin-fluctuation spectral function: parameter of the superconducting state is given by
» 1 F
X (Qhw)= , (19 Ao(T)=AgtanH a\ T /T—1). (16)

1£(4-Q)% 0w —iwy

where¢ is the magnetic correlation length, ang andy are  a=3, T,=63 (K), and Aq/kgT.=2.14 have been used.
the frequency and the broadening of the resonance peak, rdlumerical results foroif(w)/ao versusfiw/t at different
spectively.F is an overall temperature-independent constantemperatured are shown in Fig. 1. It shows that there is no
andQ is the position of the peak in momentum space whichDrude peak ato=0 anda pseudogap starts to emergedor
is assumed to be commensurate, (&= (1,1)7/a. Here, for <w* (0*=0.3t) for T>T_, and persists into the supercon-
the sake of simplifying computation, we will use it to inves- ducting state, with no sign of an anomaly nélar. After
tigate thec-axis infrared conductivity arising from interlayer going into the superconducting state, we find that a broad
hopping assisted by spin fluctuations. peak aroundv* starts to emerge and this unusual broad peak
Furthermore, the goal of this paper is not to quantifica-increases in strength as the temperature is lowered. It is ob-
tionally compare the theoretical calculation result with ex-vious that thec-axis infrared conductivity calculated on the
periment, but to investigate the main features of ¢kexis  basis of the model of interlayer hopping assisted by spin
infrared conductivity arising from interlayer hopping assistedfluctuations, shown in Fig. 1, captures the main features of
by spin fluctuations and to speculate on the origin of theexperiments;* which we mentioned in the Introduction.
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100 T T T T T T T T T may be indirect experimental evidence for the theoretical
prediction. In Ref. 1 Fukuzumi, Mizuhashi, and Uchida re-
ported that wheril. is suppressed by Zn, the normal-state
——T=70K pseudogap structure seen draxis optical conductivity is
—o0—T =63K robust. But in the superconducting state, as Zn doping radi-
A -|-°=60 K ] cally suppresses, the broad peak aroupd 450 Cr]ngr.adu- .
T=50 K ally disappears. It sh.ould be no.ted.that in Ref. 21 M|zuh.ash|,
60 |- T-10 K (0% - Takenaka, Fukuzumi, and Uchida interpreted the experimen-
- ,gvVV‘Vv\vggg% tal result found that Zn doping does not affect the basic
AAAAAMMMAA%%; dependence of in-plane resistivity of YRau;0g., ON the
(fl0o000000000555884) basis of the model of mobile charge carriers coupling to spin
v ] fluctuations. They concluded that although Zn doping radi-
cally affects the parts of the spin-fluctuation spectrum which
are responsible for superconducting pair formation, the glo-
o0 kb bal feat_ure of spin quctu_ations is that they are not sensitive to
o Zn doping. .Based on this suggestion and the present the(_)ret-
.m,n_n,nggf, " Vp/ | ical scenario, we not only can understand that Zn doping
2383RZa0at8” o7V o does not affect the basitdependence of in-plane resistivity
0 Lezxexzez2 S arising from mobile charge carriers coupling to spin
0.0 0.1 0.2 0.3 0.4 05  fluctuations?! but also that Zn doping does not affect both
o/t the basic T dependence ofc-axis resistivity and the
pseudogap structure af-axis optical conductivity, which
FIG. 1. o(w)/0o( versusfiw/t at severall for YBCO in the  originate from interlayer hopping assisted by spin
underdoped regime. The parameters used farg=34 (meV), fluctuations: Keeping this analysis in mind, we conclude
fiy=10 (meV), £=12 (R), t=200 (meV), t'/t=—0.3, and that the theoretical prediction, displayed in Fig. 2, is qualita-
ult=—1.1. tively in agreement with experimehfThus, it is reasonable
to speculate that the main origin of the broad peak anomaly
Numerical results for theS(w)/ o, versush w/t curve in of c-axis infrared conductivity of underdoped cuprates in the

the superconducting state with different superconductini“perconduqt'ng state is due to the mechanism of interlayer
transition temperature¥, are displayed in Fig. 2. In this opping assisted by spin fluctuations.
figure, we find that as the superconducting transition tem- IV. CONCLUDING REMARKS
peratureT, decreases, the broad peak arousid gradually
disappears. It is worthwhile to present the experimental re- In this paper, we have computed tbexis infrared con-
sult of the Zn-doping effect on theaxis optical conductivity — ductivity of ad,2_y2-wave superconductor with hopping as-
of the underdoped cupratébecause this experimental result Sisted by spin fluctuations based on the oversimplified form
of the spin-fluctuation spectral functidie., neglecting the
80 ' : ' : ' : : : . detailed structure of t_he spin-fI_uctuatic)nSﬂowever, the
present form of the spin fluctuation spectral function is not
only analytical, but can also incorporate well the narrow
magnetic l‘gjeak observed at low temperatures by neutron
scattering'® In addition, the aim of the present paper was to
explore the main features ofaxis infrared conductivity aris-
ing from interlayer hopping assisted by spin fluctuations, but
not to investigate the detailed properties of the spin system
itself. Keeping this fact in mind and the conclusion that
charge transport has an intimate connection with the global
feature of spin fluctuatiors, we expect that the mechanism
of interlayer hopping assisted by spin fluctuations does not
depend on the detail of the spin-fluctuation spectral function,
and accordingly the intrinsic conclusions obtained in this pa-
per are not altered by the more improved form of the spin-
fluctuation spectral functiofor example, the spin-fermion
modef?) at least qualitatively.

Although the focus of this paper was to argue that the
mechanism of interlayer hopping assisted by spin fluctua-
tions is the main origin of the broad peak anomalycefxis
infrared optical conductivity of underdoped YRau;Og.
in the superconducting state, it is worthwhile to simply

FIG. 2. o¢(w)/oq versushiw/t at T=10 (K) for YBCO inthe ~ comment on the pseudogap phenomena. The pseudogap phe-
underdoped regime. ExceptBt=70 (K) they are all in the super- nomena are universal phenomena observed in various com-
conducting state. The parameters used are the same as in Fig. 1pounds of underdoped cuprafé€*which not only appear in

o (w)/o,
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ab-plane properties, but also axis properties. As regards out that the present paper does not rule out the possible ex-

the origin of the pseudogap, for instance, the pseudogap se&ijence of other effectdor example, the effect caused by the

in ab-plane properties, a number of scenarios such as palfon-Fermi “Luttinger” liquid in-plane behaavﬁF or super-
formation well aboveT, 252" spin-charge separatigh?? Conducting pairing without long-range or Por -

. ) ¢ pin 9 P ' In summary, the formulas af-axis infrared conductivity
s_pln—(zjc?g)sﬁy wave(SbW) or a““fe”omagqe“c fluctua- o ad,2_,2-wave superconductor with competition between
tions?***** and a hidden order parameter*” have been interlayer direct hopping and hopping assisted by spin fluc-
proposed. However, no consensus has been reached so far¢@gtions have been derived. On basis of these formulas, we
to the correct microscopic theory. In addition, it is still un- have computea-axis infrared conductivity arising from in-
certain whether the pseudogaps seen in bothathxplane  terlayer hopping assisted by spin fluctuati¢ins., neglecting
properties and the-axis properties arise from the same ori- direct hopping and only considering hopping assisted by spin
gin, or whether there is an intimate connection betweerluctuationg. Although there still needs some simplification
them. For example, some researchers have suggested that tagmprove, for example, the calculation based on the more
pseudogap structure seendraxis optical conductivity may improved form of the spin-fluctuation spectral functitfor
be caused mainly by non-Fermi “Luttinger” liquid in-plane €xample, the spin-fermion mod8, the essence oé-axis
behavior’® but others argued that the pseudogap structuréifrared optical conductivity of underdoped cuprates has
seen inc-axis optical conductivity is main due to the result of Peen mimicked by theoretical predictions. Namely, the theo-
the phase fluctuation of the superconducting orderetical predictions capture the main characteristics of experi-
paramete?® It should be noted that although their views are MeNt: Based on these results, we argue that the mechanism of

divergent on the origin of the pseudogap seerabaplane i

interlayer hopping assisted by spin fluctuations is not only
properties(i.e., the former researchiéielieves that it arises the main origin of the broad peak anomalyaséxis infrared
from “Luttinger” liquid behavior, while the lattet® believe

optical conductivity of underdoped cuprates in the supercon-
that it is caused by pairing without long-range phase cohergucmg state, .bUt E.IISO the lmalnd orgn of the pseudogap
ence, they all believe that the pseudogap structure seen iftructure seen ie-axis optical conductivity.

c-axis optical conductivity is due to the effect of the
pseudogap seen iab-plane properties. In this paper, we
suggest that the pseudogap structure seecrawis optical
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