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Universal spin response in copper oxide materials
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The spin response in the copper oxide materials at finite temperatures in the underdoped and optimal doped
regimes is studied within the framework of the fermion-spin theory. The integrated dynamical spin structure
factor is almost temperature independent, the integrated susceptibility shows the particularly universal behavior
asl(w,T)xarctafia; o/ T+ az(w/T)?], and the spin-lattice relaxation time is weakly temperature dependent,
which are consistent with experiments and numerical simulat{@®163-1828)02017-7

After ten years of intense experimental and theoreticafield approximation(MFA). The magnetic in the undoped
studies of the copper oxide superconductors, there is now parent compounds is now quite well understdduere, the
consensus that these materials should be described agstem of interacting localized €t spins is well described
strongly correlated electron systemsince all of the copper by the 2D Heisenberg model, and then it is clearly of great
oxide materials have in common the existence of a perovinterest to investigate in detail the crossover from the rather
skite parent compound which is insulating and has the anticonventional local moment system at zero doping to the elec-
ferromagnetic long-range-ordéAFLRO), and changing the tronic state that forms the basis for the high-temperature su-
carrier concentration by ionic substitution or increase of theperconductivity. Therefore in this paper, we only study the
oxygen content turns these compounds into correlated metagpin dynamics of the copper oxide materials within the
leaving short-range antiferromagnetic correlations stillfermion-spin theory in the underdoped and optimal doped
intact2 The short-range antiferromagnetic correlations refegimes. According to the fermion-spin formulisnf the
sults in several peculiar physical properties of the coppeelectron operators can be decomposedCas= hiTSI‘ and
oxide materials: they are responsible for the NMR andCil=hiTS|+, with the spinless fermion operatdr, keeps
nuclear quadrupole resonan@¢QR), and especially for the track of the charg&holon), while the pseudospin operator
temperature dependence of the spin-lattice relaxation'fate. S keeps track of the spirispinon. Within the fermion-

A series of the neutron-scattering measurenfeftsn the  spin theory, it has been sholnthat AFLRO vanishes
copper oxide materials La,Sr,CuQ, and YB3aCu;Og,x  around doping5=5% for the reasonable value of the
show that there is an anomalous temperafurgependence parametet/J=5. The mean-field theory in the underdoped
of the spin fluctuations near the antiferromagnetic zone cerand optimal doped regimes without AFLRO has been
ter in the underdoped and optimal doped regimes, and théeveloped® where the mean-field order parameters are
low-frequency dynamical susceptibility in the optimal dopeddefined as x=(S'S/, 7):(3*5; n>, x.=(S'S, n), C
regime follows a surprisingly simple scaling function as:(1/22)277’7]/@17]5”77,% CZ=(1/ZZ)E,,,,,,(SIZ s,

" Pl : _ 7 A R +7%i+ !
x"(w)ecarctan/T). The NMR and NQR spin-lattice relax _and<;b=<hiThi+,,) with 7= +X,=¥, andZ is the number of

ation time T, is weakly T dependent. These unusual mag Hiearest neighbor sites. In this case, the low-energy behavior
netic properties of the copper oxide materials suggest that t ; : o o
prop bp 99 an be describéfl by the effective HamiltonianH =H,

normal state cannot be described by the conventional Fermf _
liquid theory. +H, with

As emphasized by many researchetle essential phys-
ics of the copper oxide materials is contained in the dopedth —tz hihi‘r+ 7,(3;5'17# S'Ss', ,,)+H-C-+,U«E hiThiv
antiferromagnet, which may be effectively described by the in [
two-dimensional2D) t-J model acting on the space with no (1a
doubly occupied sites. Thé-J model is reduced as the
Heisenberg model in the undoped case. In spite of its simple _ 1 ot o ot 2oz
form the t-J model proved to be very difficult to analyze, HJ_‘]eﬁiE,, [2(S7S+, TS S5, +5S 1 (1D
analytically as well as numerically, because of the electron
single occupancy on-site local constraint. The local nature ofvhereJez=J[(1— 8)?— ¢?], andu is the chemical potential
the constraint is of prime importance, and its violation maywhich enforce(hiThi>: d.
lead to some unphysical resuftRecently a fermion-spin In the framework of the charge-spin separation, the basic
theory based on the charge-spin separation is propdSedl  low-energy excitations are holons and spinons. The charge
incorporate this constraint, where the electron on-site locatlynamics can be discussed based on the loffe-Larkin combi-
constraint for single occupancy is satisfied even in the meamation rule!?> however, since the spin fluctuations couple
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only to spinons, and therefore no composition law is required

in discussing the spin dynami¢sput the strongly correla-

tion between holons and spinons still is considered through ------¢----------2----------9-----
the holon’s order parametegs entering in the spinon propa-
gator, which means that the spinon moves in the background
of holons, and the cloud of distorted holon background is to
follow spinons, therefore the dressing of the spinon by holon FIG. 1. The spinon’'s second-order self-energy diagram. The
excitations is the key ingredient in the explanation of thesolid and dashed lines correspond to the holon and spinon propaga-
spin dynamics. According to loffe-Larkin combination tors, respectively.

rule 2 we'® have discussed the optical conductivity, Drude

weight, and resistivity of the copper oxide materials in thespinons as mentioned above. However, the second-order cor-
underdoped and optimal doped regimes by considering fluaection for the spinon is necessary for the discussion of the
tuations around the mean-field solution, where the dominarépin dynamics. The second-order spinon self-energy diagram
dynamical effect is due to the strongly spinon-holon interacfrom the holon pair bubble is shown in Fig. 1. Since the
tion in Hamiltonian(1). We believe that this strongly spinon- spinon operators obey the Pauli algebra, we map the spinon
holon interaction also will dominate the spin dynamicsoperator into the spinless-fermion representation in terms of
within the same regimes. The mean-field spinon Green'she 2D Jordan-Wigner transformati@rfor the formal many
functions D®(k,w) and Dgo)(k,w) and mean-field holon particle perturbation expansion. After then the spinon
Green's functiong®(k,w) have been given in Ref. 10. In Green’s function in the spinon self-energy diagram shown in
this paper, we limit the holon part to the first-ordenean-  Fig. 1 is replaced by the mean-field spin Green’'s function
field leve) since some physical properties can be well de-D((k,w). In this case, we obtain the second-order spinon
scribed at this level® and spin fluctuations couple only to self-energy as

nF(§p+p’)[1_nF(§p)]+[1+ nB(wk+p’)][nF(§p)_ nF(§p+p’)]
o+ §p+p’_§p+ wk+pr+i0+
_ nF(ngrp’)[l_nF(gp)]_nB(warp’)[nF(fp)_nF(§p+p’)]

w+§p+p,—§p—wk+pr+i0+

1
2(52)“(1(1)) == (Zt)sz (7k7p+ 7p’+p+k)ZBk+ p’(
pp’

, @

where % =(LZ2)2,€7  e=1+2t¢ldes, By S(0)=S(0)+S.(—w)=(1+e )3 (w),
=ZJerl (2ex,+ x) v (ex+2x2) [ wk, Ne(&) andng(wy)
are the Fermi and Bose distribution functions, respectively,
the mean-field holon excitation spectrufp=2Zxty,+ u,
and the mean-field spinon excitation spectruis given in
Ref. 10. Then the full spinon Green’s function is obtained as 1
D~ Y(k,0)=DO"1(k,w) -2 (k, ). Since the local con- Hw,T)==> ¥"(k o), (4)
straint of thet-J model has been treated exactly in the pre- N*%
vious mean-field theordf, and it is naturally satisfied in the respectively. We have performed a numerical calculation for
above perturbation expansion based on this mean-fielthe integrated spin structure fact® and integrated suscep-
theory. tibility (4). The result of the integrated spin structure factor
We are now ready to discuss the spin dynamics. The dyfor the parametet/J=2.5 with the temperaturd=0.3)
namical spin response, as manifested by the dynamical spfgolid line), T=0.4) (dashed lin andT=0.5J (dotted ling
stucure factolo) and te suscepbily(l). ae 5 18 SCBEdD 7 0% ol DCOLe B e T,
; ® gt Aot/ ot — - . - 4
g|venia}gst(k,w)=”Refodte' I<S§éi)sk (0))=2ImD (k, w)/ factor is almost temperature independent and the shape ap-
(1—e7*) andx"(k,0)=(1—e "*)S(k,0)=2ImD(K,®).  nears to be particularly universal in the underdoped and op-
The properties oB5(k,w) and x"(k, ) in differentk direc-  timal doped regimes. (®) is decreased with increasing en-
tions have been discuss&tand the results showed that there ergies forw< 0.5, and almost constant fes= 0.5, which is
is the anomalous temperatuFedependence of the spin fluc- consistent with the experimedts and numerical
tuations near the antiferromagnetic pot= (r, 7). In this  simulations’ In correspondence with the integrated spin
paper we are interested in the universal behavior of the intestructure factor, the result of integrated susceptibility at the
grated dynamical response. The integrated dynamical spidoping = 0.15 for the parametdfJ= 2.5 with the tempera-
structure factor and integrated susceptibility are expressed asre T=0.2] (solid line), T=0.3] (dashed ling andT=0.4

1
Su(0)= 2 Sk.e), 3



10 330 BRIEF REPORTS

16

0.8

T/J

FIG. 2. The integrated dynamical spin structure factor at the
doping(a) 6=0.08 and(b) §=0.15 fort/J=2.5 with the tempera-
ture T=0.3] (solid line), T=0.4J (dashed ling andT=0.5J (dot-
ted line.

FIG. 4. The spin-lattice relaxation time at the dopifig 0.15
with t/J=2.5 for the field applied parallel t8 axis (solid line) and
perpendicular taC axis (dashed ling

(dotted ling is plotted in Fig. 3. For comparison, the function are for the field applied parallel and perpendicular to ¢he
b,arctafia;w/T+as(w/T)3] with b;=0.23, a,=2.0, and  axis, respectively. The form factors have dimension of en-
az=1.4is also plotted in Fig. 8lot-dashed ling Our results  ergy, and magnitude determined by atomic physics, kand
show that the integrated susceptibility is almost constanfiependence determined by geometry. For the comparison
abovew/T>1 and then begin to decrease with decreasingyith experiments, the form factofs, (k) andF (k) are cho-
ol T for /T<1. It is quite remarkable that our theoretical gap a5 proposed in Ref. 18. The spin-lattice relaxation time
results of the integrated susceptibility are scaled approxi-rl in Eq. (5) has been evaluated numerically and the results
mately asl(w,T)xarctafiayo/T+ag(w/T)®], which is in o0 1/3=25 with the dopings=0.15 for the field applied

very good agreement with the experimetfts.

parallel toC axis (solid line) and perpendicular t& axis

The temperature dependence of the susceptibility COMtdashed ling are plotted in Fig. 4, where we have chosen

verges to a universal function ef/T is very significant be-
cause of its relation to other normal state properties, such

the temperature dependences of the spin-lattice relaxati

time. The NQR spin-lattice relaxation tinTe, is expressed
as

1 2KgT

Tl_g2

1 2 X (K )
N> Fal— —,

w

©)

lim
peh oo
whereg is the g factor, i is the Bohr magneton, and the
form factorsF (k) = (F, (k), F(k)), with F, (k) andF (k)

0.3 T T

I(w,T)

FIG. 3. The integrated susceptibility at the dopifig 0.15 for
t/J= 2.5 with the temperatur€=0.2] (solid line), T=0.3J (dashed
line), andT=0.4J (dotted ling. The dot-dashed line is the function
b,arctafia; o/ T+ az(w/T)3] with b;=0.23,a,=2.0, andas=1.4.

units A=Kg=1. From Fig. 4, it is shown that, is very

%eakly dependent of in the optimal doped regime. Some
o(53(periment§show that 1T, approaches nearly the tempera-

ture independent at high temperature fop Lgsr,CuQ,, and

the weakly temperature dependent for ¥Ba;O,, in the
optimal doped regime. Although the simplést model can-

not be regarded as the complete model for the quantitative
comparison with the copper oxide materials, but our results
are in qualitative agreement with these remarkable
experiments.

In the fermion-spin theory, the charge and spin degrees of
freedom of the physical electron are separated as the holon
and spinon, respectively. Although both holons and spinons
contributed to the charge and spin dynamics, but it has been
shown that the scattering of holons dominates the charge
dynamics:® while the present results shows that scattering of
spinons dominates the spin dynamics. The spin dynamics
probe local magnetic fluctuations and are a very detailed and
stringent test of microscopic theories. Our theoretical results
within the fermion-spin formulism leads to the behaviors
similar to that seen in the experiments and numerical simu-
lations. To our present understanding, the main reasons why
the present theory is successful in studying the normal-state
property of the strongly correlated copper oxide materials are
that (1) the electron single occupancy on-site local constraint
is exactly satisfied during the above analytic calculation.
Since the anomalous normal-state property of the copper ox-
ide materials are caused by the strong electron correlation in
these systems;> and can be effectively described by thé
model/ but the strong electron correlation in the&d model
manifests itself by the electron single occupancy on-site lo-
cal constraint, which means that the electron Hilbert space is
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severely restricted due to the strong electron repulsion inte©Our results show that the strongly correlated renormalization
action. This is why the crucial requirement is to treat thiseffects for the spinon due to the strongly spinon-holon inter-
constraint exactly during the analytic discussiof.Since  action are very important for the spin dynamics. The inte-
the local constraint is satisfied even in the MFA within grated dynamical spin structure factor, integrated susceptibil-
fermion-spin theory, the extra gauge degree of freedom 0oGty, and spin-lattice relaxation time are discussed, and the

curring in the slave-particle approach does not appeafesuits are qualitative consistent with the experiments and
here;™" then spinons and holons within the fermion-spin nymerical simulations.

theory are by themselves gauge invariant, they are real and
can be interpreted as physical excitations. In this case, there The authors would like to thank Professor H. Q. Lin for
are two relaxation times for spinons and holons, respectivelyhelpful discussions. This work is supported by the National
the spinon relaxation time is responsible to the spin dynamScience Foundation Grant No. 19474007 and the Trans-
ics, while holon relaxation time is responsible to the chargeCentury Training Program Foundation for the Talents by the
dynamics. This important issue to the copper oxide materialState Education Commission of China. The partial support
within the charge-spin separation has been emphasized lsom the China-Link Program at the Chinese University of
Laughlin®® Hong Kong and the Earmarked Grant for Research from the
In summary, we have studied the spin dynamics of theResearch Grants Council of Hong Kong, China under Project
copper oxide materials in the underdoped and optimal dopeNo. CUHK 311/96P account humber 2160068 are also ac-
regimes within the framework of the fermion-spin theory. knowledged.
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