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Cuprate superconductors are typical
strongly correlated systems, and the
physical properties of these materials are
mainly determined by the strong electron
correlation in copper oxide planes. The
strong electron correlation restricts the
systems in the no doubly occupied
Hilbert subspace, i.e., where there is the

single occupancy local constraint

ZC,’;C,.G <1, which lead to that cuprate

superconducting materials are one of the
most complicated systems in condensed
matter physics so far. If this constraint is
not treated properly, many nenphysical
meaning result will be obtained.
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It is believed that the physics of
cuprate superconducting materials may
be effective described by the t-J model or
the similar t-t’-J model acting on the
space with no doubly occupied sites.
Chairman Shiping Feng from Beijing
Normal University and his coauthors,
proposed a very nice theory for the
strong correlation effect to deal with this
constraint, namely, the Fermion-spin
theory [Phys.Rev. B 49,2368 (1994)]:
[Mod. Phys. Lett. B7,1013 (1993)] ,
under the framework of this theory, a
number of abnormal physical properties
of these oxide superconductors have been
discussed such as charge and spin
dynamics. In this research project, we
will utilize the Fermion-spin theory to
study the properties of the charge—order

and spin-order stripe phase.
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Within the 7-J model, the optical and transport properties of the doped two-leg ladder antiferromagnet are
studied based on the fermion-spin theory. It is shown that the optical and transport properties of the doped
two-leg ladder antiferromagnet are mainly governed by holon scattering. The low-energy peak in the optical
conductivity is located at a finite energy, while the resistivity exhibits a crossover from the high-temperature
metalliclike behavior to the low-temperature insulatinglike behavior, which is consistent with the experiments.

DOL: 10.1103/PhysRevB.65.155117

The undoped cuprate superconductors are typical Mott in-
sulators with the antiferromagnetic long-range order
(AFLRO).! A small amount of carrier doping to this Mott
insulating state drives the metal-insulator transition and di-
rectly results in a superconducting transition at low tempera-
tures for low carrier dopings. In the underdoped and opti-
mally doped regimes, the normal state above the
superconducting transition temperature shows many unusual
properties in the sense that they do not fit in the conventional
Fermi-liquid theory, and these unusual normal-state proper-
ties of the cuprate superconductors are closely related to the
special microscopic conditions, i.e., Cu ions situated in a
square-planar amrangement and bridged by oxygen ions,
weak coupling between neighboring layers, and doping in
such a way that the Fermi level lies near the middle of the
Cu-0 o* bond.'? One common feature of these cuprate
compounds is the square-planar Cu arrangement.'? It is be-
lieved that the two-dimensional anisotropy, is prominent in
cuprate superconductors due to the layered perovskite struc-
ture, and strong quantum fluctuations with the suppression of
AFLRO are key aspects.’? However, it has been reported
recently that some copper oxide materials, such as
Sr14Cu;40;,, do not contain CuQ, planes common to cu-
prate superconductors but consist of two-leg Cu,0, ladders
and edge-sharing CuQ, chains>* Moreover, the isovalent
substitution of Ca for Sr increases the hole density on the
ladders by a transfer of preexisting holes in the charge res-
ervoir layers composed of CuO, chains, and then the two-leg
ladder copper oxide material Srj4_,Ca Cu,,0,, is a super-
conductor under pressure.’ Moreover, the experimental data
show that the normal state is far from the standard Fermi-
liguid behavior.*® The neutron-scattering and muon-spin-
resonance measurements on the compound Sr4Cu,,0;, indi-
cate that the system is an antiferromagnet with a short-range
spin order.*’” while the transport measurements on the mate-
rial Srj4_.Ca,Cu;;04 show that the behavior of the
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temperature-dependent resistivity is characterized by a cross-
over from the high-temperature metalliclike behavior to the
low-temperature insulatinglike behavior,>® which may be in
common with those of the heavily underdoped cuprate super-
conducting materials.'>® Further, it has been shown®® from
experiments that the ratio of the interladder to in-ladder re-
sistivities is R=p (T)/p (T}~ 10. This large magnitude of
the resistivity anisotropy reflects that the interladder mean
free path is shorter than the interladder distance and the car-
riers are tightly confined to the ladders, and is also the evi-
dence of incoherent transport in the interladder direction;
therefore the common two-leg ladders in the iadder materials
clearly dominate the most normal-state properties. These lad-
der copper oxide materials are also natural extensions of the
Cu-O chain compounds towards the CuQ, sheet structures.
Other two-leg ladder compounds have also been found,™*
¢.g., experiments suggest the realization of the two-leg lad-
der spin-; antiferromagnet in (VQ);P;0;. On the theoretica)
side, the two-leg ladder antiferromagnet may, therefore, be
regarded as the realization of a unique, coherent resonating
valence bend spin liquid, which may play a crucial role in
the superconductivity of cuprate superconductors as empha-
sized by Anderson.'” Therefore it is very important to inves-
tigate the normal-state properties of the doped two-leg ladder
system using a systematic approach since it may provide
deeper insights into the still not fully understood anomalous
normal state of cuprate superconductors.

Many researchers have argued successfully that the ¢-J
model, acting on the Hilbert space with no doubly occupied
site, provides a consistent description of the physical proper-
ties of the doped antiferromagnet.'®!" Within the ¢-/ model,
the normal-state ?ropemes of cuprate superconductors have
been studied>'** and the results show that the unusual
normal-state properties of cuprate superconductors are
caused by the strong electron correlation. Since the strong
electron correlation is common for both cuprate supercon-

©2002 The American Physical Society




JTHONG QIN, YUN SONG, SHIPING FENG, AND WEI YEU CHEN

 d
b % =2
tody
=1
y =1 2 3 4 L
X

FIG. 1. The ¢-/ ladder with two legs and L rungs. The couplings
along the legs are 1 and Jy, and those along the rungs ¢, and J, .

ductors and the doped two-leg ladder antiferromagnet, the
unconventional normal-state properties of the doped two-leg
ladder antiferromagnct may be similar to those of the cuprate
superconductors. In this paper, we study the optical and
transport properties of the doped two-leg ladder antiferro-
magnet within the r-/ model, Our results show that the low-
energy peak in the optical conductivity is located at a finite
energy (w~0.2r), while the resistivity exhibits a crossover
from the high-temperature metalliclike behavior to the low-
temperature insulatinglike behavior.

The basic element of the two-leg ladder materials is the
two-leg ladder, which is defined as two parallel chains of
ions, with bonds among them such that the interchain cou-
pling is comparable in strength to the couplings along the
chains, while the couplmg between the two chains that par-
ticipate in this structure is through rungs.® In this case, the
t-J model on the two-leg ladder is expressed as

‘——IIE CmaC1+r;aa' ’12 (C110C120+Hc)

inac

_#E Claa-craﬂ+JE2 Sm Sn—r;a'i'JLE Sll SlZi

iau H?ﬂ

(1)

where 5= *¢y, ¢, is the lattice constant of the two-leg lad-
der lattice, which is set as unity hereafter, i runs over all
rungs, o(=T,]) and a(=1,2} are spin and leg indices, re-
spectively, wa (Cj4s) are the electron creation (annihila-
tion) operators, S;,,=C}, & C,,/2 are the spin operators with
¢;=(0',,o-y,o'_.) being the Pauli matrices, and g is the
chemical potential. This ¢-/ model is supplemented by the
on-site single occupancy local constraint Z,C! C..<I.
The two-leg ladder with ¢ and a axes parallel to ladders and
rungs, respectively, is sketched in Fig. 1. In the materials of
interest, the exchange coupling Jy along the legs is nearly the
same as the exchange coupling J, across a rung, and simi-
larly the hopping ¢ along the legs is close to the rung hop-
ping strength ¢, ; therefore, in the following discussions, we
will work with the isotropic system J, =Jy=J, 1, =¢=1.
In the #-J model, the strong electron correlation is re-
flected by the local constraint. To incorporate this local con-
straint, the fermion- spin theory based on the charge-spin
separation, Cj ;= kLS, Cia1= hlSt, has  been
proposed,'® where the spinless fermion operator A;, keeps
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track of the charge (holon), while the pseudospin operator
S, keeps track of the spin (spinon), and then the local con-
straint can be treated properly in analytical calculations.
Within this fermion-spin representation, the low-energy be-
havior of the ¢-J model (1) can be rewritten as

H=t2 ], o bl SiSra st SiaSTy )+ 2 (Rlikiy

inu

+h YRS SR+ SIS+ p 2 kL
ig

+J"eﬂ‘2 Sr- SJ+W+JJ.eﬂ'2 le S:Z’ (2)

ina

where Jig=J{(1~ 8~ ${], Jia=J[(1—8)*~ $]]. the
holon particle-hole order parameters ¢y=(h} A ,ﬂ,u) ¢
={h},h;), 8 is the hole doping concentration, and S; and
§; are the pseudospin raising and lowering operators, re-
spective]y. Since the local constraint has been treated prop-
erly in the framework of the fermion-spin theory, the extra
gauge degree of freedom related with the electron on-site
local constraint under the charge-spin separation does not
appear. In this case, the spin fluctuation couples only to
spinons, while the charge fluctuation couples only to holons,
but the strong correlation between holons and spinons is still
considered through the holon's order parameters entering the
spinon’s propagator and the spinon’s order parameters enter-
jng the holon's propagator; therefore both holons and
spinons contribute to the charge dynamics. In this case, the
optical and transport properties of the doped cuprates have
been discussed'’ and the results are consistent with the
experiments."? Following their discussions,'® the optical
conductivity of the doped two-leg ladder antiferromagnet can
be expressed as

ImI ) w)

o {w)=— — (3)

where I1'*)(w) is the holon current-current correlation func-
tion, which is defined as N r— 79
= —(T4"(7)j™ (7)), where 7 and 7' are the imaginary
times and T, is the 7 order operator. Within the ¢-J Hamil-
tonian (2), the current densities of holons is obtained by the
time derivation of the polarization operator using Heisen-
berg's equation of motion _,v“"""2)(He't§‘.,,,,,1;hm+,7

+2XLEIEJ(R21 Iz)(h Ihlr hlihlr) where Rll and R
are lattice sites of leg | and leg 2, respectively, the spinon
correlation functions yy= (SG,S,,H. ) XL=(S;;S3),and e is
the electronic charge, which is set as unity hereafter. This
holen current-current correlation function can be calculated
in terms of the holon Green's function g{k,w). However, in
the two-leg ladder system, because there are two coupled ¢-J
chains, the energy spectrum has two branches. In this case,
the one-particle holon Green’s function is the matrix, and can
be cxpressed as g(i—j,7—7')=g (i—j,7—1")+o,g.{i
—J,7=1'), where the longitudinal and transverse parts are
defined as g;(i—j,r=71")= -—(T,ha,-(r)lllj(r')) and g{i
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—j,T—T’)——(TJ:m(r)h A7) (a#a’), respectively. Then
after a straightforward calculation,”® we obtain the optical
conductivity of the doped two-leg ladder antiferromagnet as

o w)=0c(w)+ o (w), (4)

with the longitudinal and transverse parts are given by
U—)( )_4r2_l_2 (4 2. LY. 2) w_‘-iiA(M(k '
o (w)=4r"7 ; Xjsin X1 g Al ke

+m)Ai*’(k.w')"F(w +(.2-n,.~(w 3 (5a)

1 = duw'
(M Nmdel e 20502, 2 et ()Y
o, (w)=4¢ 7 Ek, (4 xjsin‘k XL)J‘_.,, P A7k w

PPk, i ) Tn])

(1]

respectively, where L is the number of rungs, n(w) is the
fermion distribution function. The longitudinal and trans-
verse holon spectral functions 4{(k,w) and A{(k, w) are
obtained as AP (k,w)=-2Img (k,w) and AP(k,w)
= —2Img{k,w), respectively, the full holon Green's func-
tion g~ '(k,w)=g'"~ ' (k,w) ~ 2" (k,w) with the longitudi-
nal and transverse mean-field holon Green's function

gV w)=122 (0—§&") and gP(kw)=12%,
(- ' 1w~ &), where v=12, while the longitudinal
and transverse second-order holon self-energy from the
spinon pair bubble are obtained by the loop expansion to the
second order'*

3, (k,w)= ( )2 2 Ewlkp.g.o), (6)

g "

2 kw)= ( ]E )

Pg '

(_1)v+v’+v"+IEPv'P"(k:p'q!w)v (7)

TESpCC[iVe]y, with = vo' V"('kspiq’w) given by

‘) gtv}
BBl

(v') oyt
32w Wa+pWe

+[(”l)v+v +(_ l)v'i»v"]}z

FO (k,p.q)

') _ m
Ot @y, f.‘n*k

F‘z’,,,.(k,p q)

ool F = )

T (kp.q)

) o~ £

El’v'v"(k!p!‘?vw)“ { [’Yq+p+l:+7q k]

PHYSICAL REVIEW B 65 155117

Fop kip.g)

— Y e ]
oo~ w60}

(8)

where y,=cosk, A= 4Jﬂcﬁ'- E!|=l+2IQ5“/J"cﬂ-, € =1
‘f‘4f¢J_lJJ_cﬂ', and

B= B~ 0, ol . + 2 (= 1)*)[e, +(=1)*], (%)
Be=A[{ 2+ xp ve— (gpxy+ 2401, (9b)

FO kp.q)= HF(EL )[ng(wﬁ,"))*ﬂs(w;ﬁ)]

+rg(al D +ng(fh], (%)

FO) alkp )= npl €20 n (0l 2) = na( ™) ]+ ng(wl™)

X[+ ng(fi)], (9d)

FO (kp.g)= n.r(ff, )[1‘*‘"3(0’2’3)"""3(“’20)]

+aglwMng(wll)), (9¢)

Foo plhp. @)= (1 nglw{ )L+ na 2] = nsl657)

X[L+ng(wlt))+nglwi™], (9f)

where ng(w!”) is the boson distribution functions, the
mean-field (MF) holon excitations §§,’)—4rx|yt+ m
+2y, t(~1)"*", and the MF spinon excitations

(2 2 1 ri{. .2 2 1 t z
wy C=aeh | st axj| v gh |5 ol 3 axat

|
Y~ EC'E.L)\Juﬁ{CJ.

1
+E(l-a)

1
o Ci+ ECI
v+l 1
+ex ) vt el o= D 5 (ex+ ex.)

+ fﬂfx(Xi +Xﬁ) Vi~ ﬂ’fﬂ’uuﬁ(ci"'z\’i)?k

2

ol Cj+ 2 Q| + (1 - a)(i1+
ol Cj+ > Gy 8( a)(1+ej)

i 1
- —C!E"( X"+ fIXi

+arS ol e, C, +2CT]

i 1
+ et )= ge (- 1) - aN i

1 1
X(- l)vH[EqEJ_Xu'i' EL(Xi+Ci)+ iflcx ,

(10)
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FIG. 2. The optical conductivity of the doped two-leg ladder
antiferromagnet at doping (a) §=0.16 and {b) §=0.20 for param-
eter ¢/J=2.5 at temperature T'= 0. Inset: the experimental result on
Sr14-.Ca, Cup Oy taken from Ref, 6.

with the spinon correlation functions Xﬁ=(Sf,,~S: +,-,}. Xi

ai

=(S18%),  CE(UMZ;5(S), .50 -). ad G

7 ar'+1} ait g . n
= (V)T 5548, 4 sSueide CL=(I)Z {818, ), and
CL=(12)Z (S51,5;;. ;)- In order not to violate the sum rule

of the correlation function (§.,5)=1/2 in the case without
AFLRO, the important decoupling parameter o has been in-
troduced in the mean-field calculation, which can be re-
garded as the vertex correction.'* All the above mean-field
order parameters have been determined by the self-consistent
calcuiation."

Now we discuss the optical and transport properties of the
doped two-leg ladder antiferromagnet. The optical conduc-
tivity of the doped Mott insulator, in principle, consists of
three different parts: (1) the Drude absorption, (2) absorption
across the Mott-Hubbard gap, which rapidly decreases in in-
tensity upon doping, and (3) an absorption continuum within
the gap, which reflects the strong coupling between charge
carriers and spin excitations. In Fig. 2, we plot the optical
conductivity o.{w) at doping {a) §=0.16 and (b} §=0.20
for parameter ¢//=2.5 at temperature 7=0, in comparison
with the corresponding experimental data® taken on

PHYSICAL REVIEW B 65 155117
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FIG. 3. The resistivity of the doped two-leg ladder antiferro-
magnet at doping &= 0.16 {solid line) and §=0.20 (dashed line) for
parameter  #//=2.5, [Inset: the experimental result on
Sry4-,Ca,Cuy 0, taken from Ref, 6.

Sry4-,Ca,Cu,40y; (inset), where the hole density on the lad-
ders at x=8 and x=11 is §=0.16 and §=0.20 per Cu lad-
der, respectively. From Fig. 2, we find that the optical con-
ductivity consists of two bands separated at w~0.5¢: the
higher-energy band, corresponding to the midinfrared band,
shows a weak peak at @~0.8r unlike a Drude peak, which
dominates in the conductivity spectrum of the doped cuprate
superconductors, the lower-energy peak in the present ladder
systems is located at a finite energy w~ 0.2¢, while the ex-
tremely small continuum absorption is consistent with the
notion of the charge-spin separation. These behaviors are in
agreement with the experimental results of the doped two-leg
ladder antiferromagnet.’8 In the above calculations, we also
find that the optical conductivity o (@) of the doped two-leg
ladder antiferromagnet is essentially determined by its longi-
tudinal part a’f"(w), this is why in the present ladder sys-
tems the midinfrared band is much weaker than the low-
energy band, and the conductivity spectrum appears to reflect
the one-dimensional nature of the electronic state.'® This
conductivity of the doped two-leg ladder antiferromagnet has
been discussed by Kim'’ based on a model of hole pairs
forming a strongly correlated liquid, where quantum interfer-
ence effects are handled using renormalization-group meth-
ods, and then the main low-energy features of the experi-
ments are reproduced. Our results in low energy are also
consistent with his results.

With the help of the optical conductivity (4}, the resistiv-
ity can be obtained as p, = 1/lim,,_ g0 (w). The result of p,
at doping §=0.16 (solid line} and §=0.20 (dashed line) for
parameter #/J=2.5 is shown in Fig. 3, in comparison with
the corresponding experimental results® taken on
Sry4-,Ca,Cuy4Qy (inset). Our results show that the behavior
of the temperature dependence of p_(T) exhibits a crossover
from the high-temperature metalliclike behavior to the low-
temperature insulatinglike behavior, but the metalliclike tem-
perature dependence dominates over a wide temperature
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FIG. 4. The holon density of states at doping 6=0.16 for pa-
rameter #/J=2.5 at temperature T=0.

range, in agreement with the corresponding experimental
data, > The present result also indicates that the behaviors of
p:AT) in the doped two-leg ladder antiferromagnet are very
similar to those of the heavily underdoped cuprate supercon-
ducting materials'?® perhaps since both materials have al-
most same microscopic enetgy scales and owing to the com-
mon comer-sharing CuQ, networks.

In the above discussions, the central concem of the optical
and transport properties in the doped two-leg ladder antifer-
romagnet is the quasi-one-dimensionality of the electron
state, then the optical and transport properties are mainly
determined by the longitudinal charged holen fluctuation.
Our present study alse indicates that the observed crossovers
of p, for the doped two-leg ladder antiferromagnet seem to
be connected with the pseudogap in the charged holon exci-
tations, which can be understood from the physical property
of the holon density of states (DOS) 1 (w)
= IUNZAM(k,w). This holon DOS has been calculated,
and the result at doping §=0.16 for parameter t/J=2.5 with
temperature T=0 is plotted in Fig. 4. We therefore find that
the holon DOS consists of a U-shape pseudogap near the
chemical potential . For a better understanding of the prop-
erty of this U-shape pseudogap, we plot the phase diagram
T*~§& at parameter ¢//=2.5 in Fig. 5, where T* marks the
development of the pseudogap in the holon DOS. As seen
from Fig. 5, this pseudogap is doping and temperature de-
pendent and grows monotonical as the doping & decreases
and disappears at higher doping. Moreover. this pseudogap
decreases with increasing temperatures and vanishes at
higher temperatures. Since the full holon Green'’s function
(then the holon spectral function and DOS) is obtained by
considering the second-order correction due to the spinon
pair bubble, the holon pseudogap is closely related to the
spinon fluctuation. This holon pseudogap would reduce the
holon scattering and thus is responsible for the metallic to
insulating crossover in the resistivity p,. While in the region
where the holon pseudogap closes at high temperatures, the
charged holon scattering would give rise to the metallic tem-
perature dependence of the resistivity.

PHYSICAL REVIEW B 65 155117

0.8

Pseudegap
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FIG. 5. The normal-state phase diagram T™~ & for parameter
t/f=2.5. T* marks the development of the holon pseudogap in the
holon density of states.

In summary, we have studied the optical and transport
properties of the doped two-leg ladder antiferromagnet
within the #-J model. Qur result shows that the optical and
transport properties of the doped two-leg ladder antiferro-
magnet are mainly governed by the charged holon scattering.
The low-energy peak in the optical conductivity is located at
a finite energy, while the resistivity exhibits a crossover from
the high-temperature metalliclike behavior to the low-
temperature insulatinglike behavior, in agreement with the
experiments.

Finally, we emphasize that in the above discussions, only
the results of the doped isotropic two-leg ladder system are
presented. However, we'® have also studied the physical
properties of the anisotropic system, ie., J, <J| and ¢,
<{y. In this case, the interference effects between the two
legs are decreased by decreasing the values of J, /) and
t, /4); this leads to the low-energy peak of the conductivity
being located at w~0 instead of a finite energy for the iso-
tropic system. On the other hand, it has been shown that the
interleg single-electron hopping changes the asymptotic be-
havior of the interleg spin-spin correlation functions, but
their exponents are independent of the interleg coupling
strength.'” We believe that the evolution of the incommensu-
rate magnetic fluctuations with dopings in the doped square
lattice antiferromagnet®® will also occur in the doped two-leg
antiferromagnet, and the rclated theoretical results will be
presented elsewhere.
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Abstract The doping dependence of magnetic fuctuations in the underdoped copper oxide materials are studied
within the t-J model. It is shown that away from the haif-filling, the magnetic Bragg peaks from the dynamical
spin structure factor spectrum S(k,w) are incommensurate with the lattice. Although the incommensurability o(z) is
almost energy-independent, the dynamical spin susceptibility x"'(k,w} at the incommensurate wave vectors is changed
dramatically with energies, which is consistent with the experiments.

PACS numbers: 71.27.4+a, 74.72.-h, 76.60.-k

Key words: incommensurate magnetic ﬂuctula.tions, t-J model, fermion-spin theory

It has become clear in the past several years that
copper oxide materials are among the most complex sys-
tems studied in condensed matter physics and show many
unusual magnetic properties.[‘] The single common fea-
ture in copper oxide materials is the two-dimensional
(2D) CuQ, plane, while the unusual magnetic fluctua-
tion is closely related to the fact that copper oxide ma-
terials are doped Mott insulators, obtained by chemically
adding charge carriers to a strongly correlated antiferro-
magnetic (AF) insulating state,l?] therefore the magnetic
properties of copper oxide materials mainly depend on
the extent of dopings, and the regimes have been clas-
sified inte the underdoped, optimally doped, and over-
doped, respectively. The undoped copper oxide mate-
rials are insulating systems,®) and well understood in
terms of the 2D antiferromagnet with an AF long-range-
order (AFLRO), then it is clearly of great interest to in-
vestigate the evolution of the magnetic correlation with
charge carrier dopings. A series of inelastic neutron scat-
tering, muon-spin-resonance, and nuclear magnetic res-
onance (NMR) measurements®~% show that when the
commensurate AFLRO phase is suppressed and the doped
hole concentration exceeds 5%, the incommensurate dy-
namical short-range magnetic correlations are developed,
where the magnetic Bragg peak in the dynamical spin sus-
ceptibility broadens and develops a structure with four
peaks located at the reciprocal space positions ({1 £4)r, 7|
and [m, {1 & &7 (square lattice noc:;tions, unit lattice
constant}, while the incommensurability amplitude §(r)

does not depend on energies. Even more remarkable is
that §(x) is a universally increasing function of the hole
concentration.!® It is widely believed that the same cor-
relation, that leads to the insulating AF state in cop-
per oxide materials at small doping, also leads to the su-
perconductivity in the underdoped and optimally doped
regimes. 4

The incommensurate magnetic correlation of copper
oxide materials in the underdoped regime has been ex-
tensively studied theoretically within some strongly cor-
related models.) Based on the two-band model, it has
been shown that the origin of the incommensurate spin
phase is induced by the formation of the charged magnetic
domain lines.® The analytical calculations and numerical
simulations of the ground-state energy and magnetic sus-
ceptibility within the 2D Hubbard model show that at.
the zero temperature the commensurate AF state s un-
stable against domain-wall formation for arbitrary small
deviations from the half-filling, and the resulting incom-
mensurate antiferromagnet remains initially insulating. [
It has been predicted that the development of an in-
commensurate spiral phase is doped away from the half-
Blling.'® Moreover, many authors(*!}! use a simple 2D
band-structure model incorporating the marginal Fermi-
liquid self-energy corrections to calculate the spin fluc-
tuation spectrum at low energies, and the results show
that the features in the band-structure incorporating the
marginal Fermi-liquid self-energy lead to peaks in the
spin structure factor at the incommensurate wave vectors.
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However, the exact origin of the incommensurability still
is controversial. To shed light on this issue, we, in this
paper, try to study the doping dependence of the mag-
netic fluctuations in the underdoped copper oxide materi-
als within the fermion-spin theory. Qur results show that
in the underdoped regime, the magnetic Bragg peaks from
the dynamical spin structure factor S(k,w) is incommen-
surate with the lattice. Although the incommensurabil-
ity §(z) is almost energy-independent, the dynamical spin
susceptibility x"(k,w) at the incommensurate wave vec-
tors is changed dramatically with energies.

Among the microscopic models the most helpful for
discussion of the physical properties of copper oxide ma-
terials is the ¢-J model,[1%

H = —tz Cl-To,Ci.g,ﬂg +he. — ,u.z CLC{,
ifio io '

+J> 80 S,
i

(1)
supplemented by the on-site local constraint

Y CLCk <1

to avoid the double occupancy, where 77 = +£, £3, C‘,-T,,
(Ciy) are the electron creation (annihilation} operators,
S = C',-’a‘C.—/? are spin operators with ¢ = (03, 0y,0;)
as Pauli matrices, and p is the chemical potential. This
t-J model was originally introduced as an effective Hamil-
tonian of the large-U/ Hubbard model,['?] where the on-
site Coulomb repulsion U is very large as compared with
the electron hopping energy ¢, which leads to that elec-
trons become strongly correlated to avoid double occu-
pancy, therefore the strong electron correlation in the i-J
model manifests itself by the electron single occupancy
on-site local constraint. This is why the crucial require-
ment is to impose this electron on-site local constraint
for a proper understanding of the physics of copper ox-
ide materials.'¥ This electron single occupancy on-site
local constraint can be treated exactly in analytical cal-
culations within the fermion-spin theory,'¥} Ci; = h!S;,
Ciy = h!S;, where the spinless fermion operator h; de-
scribes the charge (holon) degrees of freedom, while the
pseudospin operator S; describes the spin (spinon) degrees
of freedom. Then the fermion-spin theory naturally incor-
porates the physics of the charge-spin separation. In this

fermion-spin representation, the low-energy behavior of
the t-J model (1) can be expressed as

H=tS M hi(SFS,+ STSh) + 1) hlh
i i
+ Jott Z(Si - Siya) (2)
i)
with
Joir = J[(1 - 8)* - ¢°],

the holon particle-hole parameter ¢ = (hlhiyq), and S}
and S; are the pseudospin raising and lowering operators,
respectively. As a consequence, the kinetic part in the t-J
mode] has been expressed as the holon-spinon interaction
in the fermion-spin representation, which dominates the
physics in the underdoped and optimally doped regimes
in copper oxide materials,

Within the framework of the charge-spin separation, it
has been shown(!8! that the spin fAluctuation couples only
to spinons, while the strong correlation between holons
and spinons can be considered through the holon’s or-
der parameters entering in the spinon propagator. In this
case, the particularly universal behavior of the integrated
spin structure factor and integrated spin susceptibility
in the underdoped regime has been discussedi'®l within
the fermion-spin theory by considering spinon fluctuations
around the mean-field solution, where the spinon part is
treated by the loop expansion to the second order. Fol-
lowing their discussions,['®! we can obtain the dynamical
spin structure factor and susceptibility as

S(k,w) = Ref dte™“ I D(k,t - t')
0

=21 + ny(w)] Im D(k,w), {3
x"(k,w) = (1 - e”P)S(k,w)
= 2Im D{k,w), (4)

respectively, where the full spinon Green’s function is
D~ Ykw) = DOk, w) - EP(k,w)

with the mean-field spinon Green’s function!!”}

uJ2 - wz

B, '
and the second-order spinon self-energy from the holon
pair bubble is

DOk w) =

Fl(ktp|p’) F"Z(kvpl p’)

Zt\? . By
E.(rz)(k:w) == (-1\?) Z(Vﬂ'-ﬂﬂ-k + '7"-5:--;1‘)J 2&4‘;;:
PP’

(5)

1
Wt pip —Epr FwWhip W Eprp — & — r-*"k+p)
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where 1
- — ik
T = A Z e
7
Z is the number of the nearest neighbor sites,

By = Al2xa(eve — 1) + x (& — €)],
A=27204,
e =1+ 2td/Jerr,
Fi(k,p.p') = ne(Epap )t — e (€pr)]
+ (L 4 na(wksp)ne(€p) = nelCprp ]
Fyk,p,p') = ne(€prp )1 - nelép )]
— nu(Wep) e (Ep) — ne(Eprp )],
ne{£:) and ny(wy) are the fermion and boson distribution
functions, respectively, while the mean-field holon excita~

tion spectrum is & = 22ty + p, and the mean-field
spinon excitation spectrum is

wi = A} Ay + Ay + Aa)
with
Ay = ae(x/2 + X)),
= ¢[(1 - Z)a{ex/2 + x:)/2
- aC; +C/2) - (1-a)/(22)],
Az = a(C, + EC/2) + (1 — a)(1 + €4)/(42)
— oe(x/2 + ex:)/Z,

and the spinon correlation functions are

1/22) Z S:;,,s;m

= (1/2%) Z SivaStoa)

iy

In order not to violate the sum rule of the correlation
function {S;" S} = 1/2 in the case without AFLRO, the
important decoupling parameter & has been introduced
in the mean-feld calculation, which can be regarded as
the vertex correction.!”l Alt the above mean-field order
parameters X, X:, &, Cz, ¢, the decoupling parameter
@, and chemical potential u have been determined by the
self-consistent calculation.[!7!

We have performed a numerical calculation for the dy-
naniical spin structure factor S(k,w), and the results of
the S{k,w) spectrum along the line k = [1/2, k] (unit 27)
at the doping {(a) £ = 0 and (b) z = 0.09 with the tem-
perature 7' = 0.01J and the energy w = 0.125J for the
parameter {/J = 2.5 are plotted in Fig. 1.

(a)

S(h,w)

(b)

02 0.3 04 0.5 06 0T 0.8

K, (r.lu)

Fig. 1 The dynamical spin structure facter S(k,w)
along the line k = [1/2,k,] (unit 2x) at the doping (a)
z = 0 and (b) z = 0.09 with the temperature T = 0.01J
and the energy w = 0.125J for the parameter t/J = 2.5.

Qur result shows that in the undoped regime, there is
an AF commensurate peak at the AF wave vector posi-
tion, while this commensurate peak is split into two peaks
in the underdoped regime, the positions of these two split
peaks are incommensurate with the lattice. Moreover, the
present S{k,w) spectrum has been used to extract the dop-
ing dependence of the incommensurability &(x), which is
defined as the deviation of the peak position from AF
wave vector position, and the result is shown in Fig. 2.
The main characteristic of the doping dependence of the
modulated spin correlation in Fig. 2 is that there is a
nonlinear relation between the incommensurability d(x)
and the hole concentration z, i.e., the incommensurability
amplitude &(z) increases progressively with the hole con-
centration at the lower doped regime, but saturates at the
higher do"ped regime. Our theoretical results are qualita-
tively consistent with the experimental observations from
copper oxide materials, where the spin fluctuation scat-
tering remains the commensurability at the AF wave vec-
tor position in the undoped regime,P~% and increasing
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dopings, there is a commensurate-incommensurate transi-
tion in the spin fluctuation geometry, and the incommen-
surate scattering in the underdoped regime corresponds
to four 2D rods at.[(1 £ é)m, x| and [r,(1 £ d)x]. In
Fig. 3, we plot the dynamical spin structure factor S(k,w)
at the doping £ = 0.06 for the parameter t/J = 2.5
and temperature T = 0.01J with the energy w = 0.05J
(solid line), w = 0.125J (dashed line), w = 0.25. (dotted
line), and w = 0.5J (dashed-dotted line), where we find
that although the position of the incommensurate peaks
is almost energy-independent, the incommensurate peaks
are broadened and suppressed with increasing energies,
which leads to that the lifetime of the excitation decreases
quickly with increasing energies. These results are also

consistent with the experiments.[2~¢l
03
02
C)
5
01
0o 1 L
.00 005 0.10 0.15

Fig. 2 The doping dependence of the incommensura-
bility & of the magnetic fluctuation.

In correspondence with the S(k,w) spectrum, the
numerical results of the dynamical spin susceptibility
x"(Q',w) at the doping r = 0.06 for the parameter
t/J = 2.5 and energy w = 0.125.J with the temperature
T = 0.1J (solid line), T = 0.2J (dashed line}, T = 0.4
{dotted line) and T = 0.6J (dashed-dotted line) are plot-
ted in Fig. 4, where the incommensurate wave vector @' =
[1/2,{t - 8)/2] (unit 27) with § = 0.2. This result shows
that in the underdoped regime, the low- and high-energy
fiuctuations coexist in the x"(Q’,w) spectrum, the excita-
tions are remarkably sharp at low energies {w < J). More-
over, the low-energy peak is temperature-dependent, and
suppressed with increasing temperatures, while the high-
energy peak is alinost temperature-independent, which
are qualitatively consistent with the experiments.[3=% The
low-energy peak in the x"(Q',w) spectrum is due to the

AF fAuctuation, which will exist even in the undoped case
and dominate the neutron-scattering and NMR processes,
while the high-energy peak may be due to the contribution
of the free-fermion-like component of the systems, which
induces to a large extent the main effect of the static spin
correlations.

30

S(k, w) (arh. units)

0.2 04 06 08

K, (r.lw)

Fig. 3 The dynamical spin structure factor S(k,w)
along the line k = [1/2,k,] (unit 2w) at the doping
£ = 0.06 for the parameter t/J = 2.5 and tempera-
ture T = 0.01J with the energy w = 0.05J (solid line),
w = 0.125J (dashed line), w = 0.25J (dotted line} and
w = 0.5J (dashed-dotted line).

20

w) {arb. units)

¥ Q.

T

Pig. 4 The dynamical spin susceptibility x"(Q’,w) at
the doping = = 0.06 for the parameter t/J = 2.5 with the
energy w = 0.125J (solid line}, w = 0.25J (dashed line)
and w = 0.6J {dotted line), where the incommensurate
wave vector @' = [1/2,(1 - )/2} {unit 27) with § = 0.2.

Our results indicate that as a function of dopings the
t-J model has a tendency to develop incommensurate cor-
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relations between the spins. At the half-filling, there are
no charge degrees of freedom, and the spinons are pritnar-
ily localized on the lattice sites. With increasing dopings,
a mobile holon produces s “roton”-like distortion of the
spinon background. In this case, the spinon moves self-
consistently in the background of holons, and the cloud of
distorted holon background is $o follow spinons, therefore
the mechanism of the incommensurate type of structure in
copper oxide materials away from the half-filling is most
likely related to the holon motion. This is why the posi-
tion of the incommensurate peaks can be determined in
the present study by the t-J model, while the spinon en-
ergy dependence is ascribed purely to self-energy effects
which arise from the holon-spinon interaction.

In summary, we have discussed the doping dependence

i

of the magnetic fluctuation of copper oxide materials in
the underdoped regime within the t-J model. Our re-
sults show that away from the half-filling, the magnetic
Bragg peaks from the dynamical spin structure factor
spectrum S(k,w) are incommensurate with the lattice.
Although the incommensurability &(z) is almost energy-
independent, the dynamical spin susceptibility x"(Q’,w)
at the incommensurate wave vectors is changed dramat-
ically with energies. Our theoretical results are qualita-
tively consistent with the experiments.
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