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Charge transport in underdoped bilayer cuprates
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Within the t-J model, we study the charge transport in underdoped bilayer cuprates by considering the
bilayer interaction. Although the bilayer interaction leads to the band splitting in the electronic structure, the
qualitative behavior of the charge transport is the same as in the case of single-layer cuprates. The conductivity
spectrum shows a low-energy peak and the unusual midinfrared band. This midinfrared band is suppressed
severely with increasing temperatures, while the resistivity in the heavily underdoped regime is characterized
by a crossover from the high-temperature metalliclike to the low-temperature insulatinglike behaviors, which
are consistent with the experiments.
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It has become clear in the past ten years that cuprate Sthe importance of some sort of coupling between the LuO
perconductors are among the most complex systems studigghnes within a unit cell. It is believed that all these experi-
in condensed matter physitd. The complications arise ments produce interesting data that introduce the important
mainly from (1) strong anisotropy in the properties parallel constraints on the microscopic models and theories.
and perpendicular to the Cy(planes which are the key  The charge transport of doped single-layer cuprates has
structural element in the whole cuprate superconductors, arseen addressed from several theoretical viewpdifi@ased
(2) extreme sensitivity of the properties to the compositionson the charge-spin separation, an attractive proposal is
(stoichiometry which control the carrier density in the C4O  spinons and holons as basic low-energy excitations, serving
plane, and, therefore, the regimes have been classified inigs the starting point for the gauge-theory approatthhas
the underdoped, optimally doped, and overdopedbeen showh within the t-J model that above the Bose-
respectively-? In the underdoped and optimally doped re- Einstein temperature, the boson inverse lifetime due to scat-
gimes, the experimental resdlishow that the ratio of the tering by the gauge field is of ord@; which suppresses the
axis and in-plane resistivitieR= p.(T)/pap(T) ranges from  condensation temperature and leads to a lifegesistivity.
R~100 toR>10°, which reflects that the charged carriers On the other hand, the spin-fermion model near the antifer-
are tightly confined to the Cu(planes. This large magnitude romagnetic instability has been developed to study the
of the resistivity anisotropy also leads to the general notiomormal-state properties of doped cuprate3his spin-
that the physics of doped cuprates is almost entirely twdermion model describes low-energy fermions interacting
dimensional, and can be well described by a single LuOwith their own collective spin fluctuations. Within this
plane? However, this picture seems to be incompatible withapproacH, the anomalous transport of doped single-layer cu-
the fact that the superconducting transition temperatyris prates has been studied extensiedyd the results are con-
closely related to the number of Cy@lanes per unit cell, sistent with the experiments.
with single-layer compounds of a family generically having As regards an intracell hopping, the band splitting in
lower T, than bilayer or trilayer compoundsAdditionally,  doped bilayer cuprates was shown by the band calculdtion,
there are some subtle differences of the magnetic behavioend clearly observé@!! recently by the angle-resolved-
between doped single-layer and bilayer cuprates. By virtughotoemission spectroscopy in the doped bilayer cuprate
of systematic studies using NMR and the muon spin rotatiorBi,Sr,CaCyOg, s aboveT.. This bilayer band splitting is
(uSR) techniques, particularly, the inelastic neutron scatterdue to a nonvanishing intracell coupling. Moreover, the mag-
ing, only incommensurate neutron-scattering peaks for thaitude of the bilayer splitting is constant over a large range
single-layer lanthanum cuprate are observed in the undenf dopingst' Considering these highly unusual normal-state
doped regimé&, however, both low-energy incommensurate properties in the underdoped regirfe>®a natural question
neutron-scattering peaks and high-energy commensuraig what is the effect of the intracell coupling on the normal-
[, 7] resonance for the bilayer yttrium cuprate in the nor-state properties of doped bilayer cuprates. This is a challenge
mal state are detectédlhese experimental results highlight issue since the mechanism for the superconductivity in
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doped cuprates has been widely recognized to be closelingle occupancy local constraint has been treated properly
related with the anisotropic normal-state propertfeBased  within the fermion-spin theory, this leads to disappearing of
on thet-J model, the charge transport and spin response ahe extra gauge degree of freedom related with this local
doped single-layer cuprates in the underdoped regime hawnstraint under the charge-spin separatfom this case,
been discusséd '°within the fermion-spin theor}f and the  the charge fluctuation couples only to holdfs* However,
obtained results are consistent with experiméhti this  the strong correlation between holons and spinons is still
paper, we apply this successful approach to study the chargecluded self-consistently through the spinon’s order param-
transport of the underdoped bilayer cuprates. Our resultsters entering the holon’s propagator, therefore, both holons
show that although the bilayer interaction leads to the bandnd spinons are responsible for the charge transport. In this
splitting in the electronic structure, the qualitative behaviorcase, the conductivity can be expressed a$w)
of the conductivity and resistivity is the same as in the=—ImII"(w)/w, with 1M (w) is the holon current-
single-layer case. The conductivity shows the non-Drude beeurrent correlation function, and is defined HSV(7— 7')
havior at low energies and anomalous midinfrared band=—(T,j"(7)jM(7")), wherer and 7" are the imaginary
separated by the charge-transfer gap, while the temperaturimes, andr . is the 7 order operator. Within the Hamiltonian
dependent resistivity in the heavily underdoped regime ig2), the current density of holons is obtained by the time
characterized by a crossover from the high-temperature melerivation of the polarization operator using Heisenberg’s
talliclike to the low-temperature insulatinglike behaviors.  equation of motion as

We start from the bilayer-J model, which can be written

as ) -
iM=2xet 7hy, ;hai+2x.et 2 (Ry—Ry)
ain
= oo~ — T c.
H tE ChioCaiv o=t 2 (CLiyCaig+H.c) % (Wb —hlha). .

whereRy; (Ry;) is lattice site of the Cu@plane 1(plane 2),
x=(S5S,;,;) andx, =(S};S;) are the spinon correlation
&) functions, anck is the electronic charge, which is set as the
unit hereafter. The holon current-current correlation function
where 7=*X, =y within the plane,a=1 and 2 is plane Can be calculated in terms of thel4holon Green's function
indices, C1., (Cai,) is the electron creatioannihilation ~ 9(k,@) as in the single-layer casé’* However, in the bi-
operator, Sai:C;iUCai/Z are spin operators withe layer system, because there are two coupled ZCp!I@nes,
—(0y,0y.0,) as Pauli matrices, ang is the chemical po- then the_energy spectrum, has two branches. In this case, the
tential. The bilayett-J model (1) is defined in the subspace one-particle holon ,Greeng fl_mcnor) can be _ex_presseld as a
matrix g(i—j,7r—7")=g.(i—j,7—7")+og7(i—j,7—7")

with no doubly occupied sites, i.%,Cq,Cai,=1. The with the longitudinal and transverse parts are defined as

_IU“E. C;i<rcai(r+‘]2 Sai.Sai+;7+‘]L2i Sli'SZi;

alo ain

aio
strong electron correlation in thteJ model manifests itself - to T
by this single occupancy on-site local constriiio deal 9.0 17— 7 )? <,Tfhai(7)ha,i(7 )) and gr(i—j,7—7")
with the local constraint in analytical calculations, the ~ _<Trhai(7')ha'j(7 )_> (a#a’), resgectlvely._ Following
fermion-spin theory? CaiT:h;iS;i and Cau:h;is;, has discussions of the single-layer cd$é; we obtain the con-
been proposed, where the spinless fermion operhtgr duc;[iT\gity of doped bilayer cuprates a8 (w)=0"(w)
keeps track of the charg@olor), while the pseudospin op- T ¢ (w) with the longitudinal and transverse parts are
eratorS,; keeps track of the spitspinon, then it naturally ~ 9\ven by
incorporates the physics of the charge-spin separation. In this L
case, the low-energy behavior of the bilayel model(1) in Wy oy — — 27 vive) 2+ (2v 1, )2
the fermion-spin representation can be rewritten as @)=y Zk [(2Zxtys0™+(2x. 1)

* do'
B N _ o RN () , (h) ,
H—tZ haH%hai(S;SaH;]JrSaiSaH;]) XJ_OO = AlV(K,o"+ o)A (K o)
alngp
o Ne(w'+w)—Ne(w')
‘HLZ (hlihgi+hLhi) (S S, +S;Sh) X > , (43
+,U«%: h;ihaiJrJeffZ Sai'sai+;7+‘JLeff§i: Sii Sais U(T)(w)zég [(2Zxtyed?— (2x.t,)2]
ain k
@ - do’
—— Al ' (h) /
with Jer=J[(1=8)*~ ¢%], Jier=J.[(1—6)>~¢7], the XLZW AT (ko' + ) AT (K,0)
holon particle-hole order parametess=(h}h,;. ;) and
¢, =(hlh,), & is the hole doping concentration, aig]; X”F(w'+w)—np(w') ab
(S,)) is the pseudospin raisingpwering) operator. Since the ® '

134504-2



CHARGE TRANSPORT IN UNDERDOPED BILAYER CUPRATES

respectively, wher& is the coordination number within the

plane, ys, = (sink,+sink)/2, andng(w) is the fermion dis-

tribution function. The longitudinal and transverse holon

spectral  functions are obtained asA"(k,w)
=—21Img, (k,») and Al”(k,w)=—2 Img(k,w), respec-
tively. The full holon Green’s function g~ (ko)
=g~ (k,w) —2M(k,w) with the longitudinal and trans-
verse mean-fieldMF) holon Green's functlong(o)(k,w)
=12 Ww—&") and g%k w)=1/25 (-1)" (o

&), wherev=1, 2, and the longitudinal and transverse
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F (k,p,a)=[1+ng( o

X[1+ng(w{; )+ ng(

DL+ ng(0f ) ]-Ne(£57))
0{M)], @

Here ng(w{”) is the boson distribution function, the MF
holon excitation &) =2Zyty+u+2x,t, (—1)""%, the
MF spinon excitation ¢{")%=w2+A2(—1)""! with 2
=A1y2+ Ayt Ag and A= X, y,+ X, where

A= aeN?(xI2+ ex?),

second-order holon self—energy from the spinon pair bubble

are obtained by the loop expansion to the second-order as

ukw———g 2 Ewkpgoe), (53
T(k w)_ % 2 ( 1 vk +V”+1:VV V”(k’p’q’w)!
(5b)
respectively, with= ,,,»(K,p,q, ) is given by
BE]V+) B(V)
Evv’v”(k!piqvw):ﬁ{Zt[‘Yq-%—p-%—k—FYq k]
32w q+p“’q

+[(—1)"T (=) R

FO . (k,p,q)

X "
(w+ww> P~ 2]

F® . (k,p.q)

w— wé’ﬂr%)-i- w(")— fé”ﬂ)(
Fio(k.p.a)

o+ wé’ﬂr%)-i- w(")

FO,(k,p,a)
+ (»") (V) (v") ©)
W= Wgip™ §p+k
with = (cosk,+cosk,)/2, B(=By—J, el X1
2 (—1)"[e +(—1)"],  Bi=A[(2ex*+x) v (ex
+2x91, N=2Z0, €=1+2t /g, € =1
+4t, ¢, 13, o, and

+

+
§p+k

FO(k,p,@) = ne (€0 ng( )~ ng( 0l )]

+ng(0{ [ 1+ ng(w{M)],

a+p
F ook p.a) = e ne(f2) — ng(wl)]
+ng(w{)[ 1+ nB(wg’jr')p)]'
FE}?}) V,,(k.p,Q) = np(géﬁb[l‘f' nB(wg’i)p) + nB(wgV))]

+ nB(w(V))nB(wq+p)

A,=eN’[(1—2Z)a(ex/2+ x*)|Z— a(C?*+C/2)
—(1-a)/(2Z)]— aNJ e €(CT +xT)
+€,(C +ex,)2],

A=\ a(C*+ €2CI2)+(1— a)(1+ €2)/(4Z)
—ae(xI2+ ex*)IZ]+ aNd | o €€, C, +2C7 ]

+32 4 € +1)/4,

Xi=aNJd el (€, x+€x, )2+ GQ(XE"'XZ)],

Xo=—aNd, o €€, xI2+ €, (}*+C?)+€C, /2] — €, I° 42,

tS)

where the spinon correlation functiong®=(S; a|+77>
=(S5S5), c (Uz*s;, <a,+77 a.+,,> Cc?=(1/
zz)z <Sa|+7; a7 =) CL=(112)25(S;Sy;, ;). and CI

=(1/2)Z; (SiI - ) In order to satisfy the sum rule for the
correlation func'uon( iS;1)=1/2 in the absence of the an-
tiferromagnetic long- range order, a decoupling parameter
has been introduced in the MF calculation, which can be
regarded as the vertex correctibhAll these order param-
eters, decoupling parameter and the chemical potential
have been determined self-consistently, as done in the single-
layer case®

The frequency- and temperature-dependent conductivity
is a powerful probe for systems of interacting electrons, and
provides very detailed informations of the excitations, which
interacts with carriers in the normal state and might play an
important role in the superconductivity. In Fig. 1, we present
the results of the conductivity(w) at dopings= 0.05(solid
line), 5=0.06 (dashed ling and §=0.07 (dotted ling for
parameters/J=2.5,t, /t=0.25 andJ, /J=0.25 with tem-
peratureT=0 in comparison with the experimental d&ta
taken on the underdoped YB2u;0;_, (YBCO) (insed. The
conductivity of bilayer cuprates in the underdoped regime
shows a sharp low-energy peak@ 0.5 and the unusual
midinfrared band appearing inside the charge-transfer gap of
the undoped system. After an analysis, we found that this
low-energy peak decays fastly aq w)~1/w (non-Drude
fall-off) with increasing energies. Moreover, the weight of
the midinfrared peak is doping dependent, and the peak po-
sition is shifted to low energy with increasing dopings. For a
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FIG. 1. The conductivity at§=0.05 (solid line), §=0.06 FIG. 3. The resistivity av=0.05 (solid line), 6=0.06 (dashed

(dashed ling and §=0.07 (dotted ling for t/J=2.5, t, /t=0.25, line), and 6=0.07 (dotted ling for t/J=2.5, t, /t=0.25, and
and J, /J=0.25 in the zero temperature. Inset: the experimentald, /J=0.25. Inset: the experimental result on the underdoped
result on the underdoped YBauw,0O,_, taken from Ref. 19. YBa,Cu;O;_ taken from Ref. 20.

better understanding of the optical properties of doped bitivity o(w) is essentially determined by its longitudinal part
layer cuprates, we have studied conductivity at different temg(L)( ), this is why in the present doped bilayer cuprates
peratures, and the results at dopifig-0.06 fort/J=2.5,  the conductivity spectrum appears to reflect the single-layer
t, /t=0.25, andJ,; /J=0.25 inT=0 (solid ling), T=0.3]  nature of the electronic staté:'*>'*This is also why the
(dashed ling andT=0.5J (dotted ling are plotted in Fig. 2  in-plane charge dynamics is rather universal within whole
in comparison with the experimental d&téaken on the un- doped cupratek?

derdoped YBCQ(insey. It is shown thato(w) is tempera- Now we turn to discuss the resistivity, which is closely
ture dependent, and the charge-transfer gap is severely suglated to the conductivity, and can be obtainedpé3)
pressed withrinccr)ezs;n% temper?tures,_and vr;l_niS_hes athigheri/lim _ o(w). This resistivity has been calculated, and
temperature T>>0.4J). Our results are in qualitative agree- Lo - .

ment with the experiments.In comparison with the results tir;]ee)rezlégs ;lt odgglr(]gi;;gdo?ir%ougrhgg)r’ai_e'?é?e?/gdfszhgd
from Refs. 13,14, it is shown that the present conductivit L /t=0.25 andJ, /= 0.25 are plotted in Fig. 3 in compari-

also is qualitatively consistent with these in the single-laye . ;
case. In the above calculations, we also find that the condu 0N W'th the experimental resufitaken on the undgrdoped
BCO (insey. These results show that in the heavily under-
doped regime, although the temperature-dependent resistiv-
ity is characterized by a crossover from the high-temperature
metalliclike to the low-temperature insulatinglike behaviors,
the nearly temperature liner dependence in the resistivity
dominates over a wide temperature range, in agreement with
the experimental resulf8.In comparison with the results
from Refs. 13,14, it is shown that the present resistivity also
is qualitatively consistent with these in the single-layer case.
We emphasize that since the order parameters, decoupling
parameterr, and the chemical potentiad have been deter-
mined self-consistently, then these theoretical results were
obtained without any adjustable parameters. Furthermore, it
is found in the above discussions that the present results are
insensitive to the reasonable values/df, t, /t, andJ, /J as
0.0 : ‘ : in the single-layer casg:**
0.0 0.5 1.0 1.5 2.0 An explanation for the metal-to-insulating crossover in
w/t the resistivity in the heavily underdoped regime can be found
from the competition between the kinetic energy and mag-
FIG. 2. The conductivity a6=0.06 fort/J=2.5,t, /t=0.25,  Netic energy in the system. Since cuprate superconducting
andJ, /J=0.25 in T=0 (solid line), T=0.3] (dashed ling and  Materials are doped Mott insulators, obtained by chemically
T=0.5] (dotted ling. Inset: the experimental result on the under- adding charge carriers to a strongly correlated antiferromag-
doped YBaCu;0,_, taken from Ref. 19. netic insulating state, therefore, doped cuprates are charac-

0.6

0.3 r

o(m) (arb. units)
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terized by the competition between the kinetic energynd  peratures, the charged holon scattering would give rise to the
magnetic energyl. The magnetic energy favors the mag- temperature linear resistivity.

netic order for spins, while the kinetic energjavors delo- In summary, we have studied the charge transport in the
calization of holes and tends to destroy the magnetic ordeunderdoped bilayer cuprates by considering the bilayer inter-
In the present fermion-spin theory, although both holons ang@ction. It is shown that although the bilayer interaction leads
spinons contribute to the charge transport, the scattering @b the band splitting in the electronic structure, the qualita-
holons dominates the charge transpdyhere the charged tive behavior of the charge transport is the same as in the
holon scattering rate is obtained from the full holon Green'ssingle-layer case. The conductivity spectrum shows a low-
function [then the holon self-energy, Eqsaband §b), and  gnergy peak and the anomalous midinfrared band. This mid-
holon spectral functiohby considering the holon-spinon in- nfrared band is suppressed severely with increasing tem-
teraction, therefore, in the heavily underdoped regime, theeratures, while the resistivity exhibits a crossover from the
observed crossover from the high-temperature metalliclike t¢jgh_temperature metalliclike to the low-temperature insulat-
the low-temperature insulatinglike behaviors in the reS'St'Vinglike behaviors. Our results also show that the mechanism
ity is closely related with this competition. At lower tempera- that cause this unusual charge transport in the underdoped

tures, the holon kinetic energy is much smaller than the mageprates is closely related to the background antiferromag-
netic energy, in this case the magnetic fluctuation is StroN@etic correlations.

enough to severely reduce the charged holon scattering and

thus is responsible for the insulatinglike behavior in the re- This work was supported by the National Natural Science
sistivity. With increasing temperatures, the holon kinetic en+oundation of China under Grant Nos. 10074007, 10125415,
ergy is increased, while the spinon magnetic energy is deand 90103024, the special funds from the Ministry of Sci-

creased. In the region, where the holon kinetic energy i€nce and Technology of China, and the National Science
much larger than the spinon magnetic energy at higher tentouncil under Grant No. NSC 90-2816-M-032-0001-6.
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