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Spin dynamics in doped triangular antiferromagnets
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Within the t—J model, the spin response of the doped triangular antiferromagnet in the underdoped and
optimally doped regimes is studied based on the fermion-spin theory. The spinon part is treated by using the
loop expansion to the second order. It is shown that although the dynamical spin structure factor and suscep-
tibility exhibit the anomalous behaviors at the antiferromagnetic zone center, the particularly universal behav-
iors of the integrated dynamical spin structure factor and susceptibility present in the doped square antiferro-
magnet, are absent in the doped triangular antiferromagnet.

In the last decade, much interest has focused on the magRecognizing these anomalous magnetic properties shown by
netic properties of the two-dimensional2D) doped the undoped triangular antiferromagnet, a natural question is
antiferromagnetS.This is followed from the argument that What is the magnetic property with doping on this system?
the essential physics of copper oxide materials is contained 1he sSituation for the doped square antiferromagnet is a bit
in the 2D doped Mott insulatofssince all of copper oxide More advanced. The spin dynamics of the doped square an-

materials have these properties in common: their perovskitdf€rromagnet in the underdoped and Opt'mﬁlll doped re-
arent compound is insulating with the antiferromagneticglmes has been extensively studied experimeritals well
b ) . as theoretically within the same strongly correlated electron
(AF) long-range ordefAFLRO); changing the carrier con-

, g9 Lk _ _ modelsi®~2and the results show that the unusual spin dy-
centration by ionic substitution or increasing the oxygen connamics in the doped square antiferromagnet is caused by the
tent turns these compounds into correlated metals leaving thitrong electron correlation. Among the microscopic models
short-range AF correlation still intat® In the underdoped the most helpful for the discussion of the physical properties
and optimally doped regimes, the short-range correlation isf the doped antiferromagnet is theJ model? which is
responsible for the nuclear magnetic resonafif@R) and  characterized by a competition between the kinetic enétigy
nuclear quadrupole resonan@éQR).>* In particular, a se- and magnetic energydj. Thet—J model was originally in-

ries of the neutron-scattering measurem@ntsn copper ox-  troduced as an effective Hamiltonian of the Hubbard model
ide materials show that there is an anomalous temperaturein the strong coupling regintewhere the on-site Coulomb
dependence of the spin fluctuation near the AF zone center figPulsionU is very large as compared with the electron ki-
the underdoped and optimally doped regimes, and the |lowetic energyt, and in this case the electrons bgcomti st[ongly
frequency integrated dynamical spin susceptibility follows acorrelated to avoid the double occupancy, i®,C;,C;,
surprisingly simple scaling function ag’()arctanf/T). =<1. Since the strong ele(_:tron correlqtlons are common for
These unusual magnetic properties of copper oxide materiaRth doped square and triangular antiferromagnets, it is ex-
result from special microscopic conditiohd:(1) Cu ions pected that the uncon_ventlonal spin dynamics observgd on
situated in a square-planar arrangement and bridged by oxg—‘e doped square antiferromagnet may also be seen in the

gen ions|(2) weak coupling between neighboring layers, and oped triangular antiferromagnet. Following the common
(3) doping in such a way that the Fermi level lies near thepract|ce, the regimes in the doped triangular antiferromagnet

middle of the Cu—Qr* bond. One common feature of these can be classified into the underdoped, optimally doped, and

ds is th lanarC H overdoped, respectively, as in the case of the doped square
compounds is thequare-planarCu arrangement. However, antiferromagnet, although the boundary of these regimes in

it has been reportédhat there is a class of the delafossite e goped triangular antiferromagnet may be different from
copper oxide materialiRCuG,, ; with R as rare-earth ele- the doped square antiferromagnet. In this paper, we study the
ment, where the Cu ions sit not on a square-planar, but on gin dynamics of the doped triangular antiferromagnet in the

triangular-planar lattice therefore allowing a test of the ge- underdoped and optimally doped regimes within the)
ometry effect on the physical properties, while retainingmodel.

some other unique microscopic features of the Cu—O bond. In the t—J model, the strong electron correlation mani-
In other words, whether the particularly anomalous magnetifests itself by the electron single occupancy on-site local
behaviors observed on the doped square antiferromagnet agenstraint, which can be treated exactly in analytical calcu-
also true in the doped triangular antiferromagnet. On thdations within the fermion-spin theory based on the charge-
other hand, the magnetic properties of the undoped triangul@pin separatioh®'* Therefore we follow the fermion-spin
antiferromagnet have been extensively studiesid the re- formalism and decompose the constrained electron operators
sults show that the deviation of the spin susceptibility fromin the doped antiferromagnet %scifhra‘ and Cj,

the Curie law occurs at a much lower temperature than for= h;‘Si+ , Where the spinless fermion operator describes

the nonfrustrated square antiferromagnet, and is often aghe charggholon degrees of freedom, while the pseudospin
companied by very peculiar low-temperature propertiesoperatorS, describes the spifspinon degrees of freedom.
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In this case, the low energy behavior of the]l model on the  respectively, where the f2U|| spinon Green’s function,
triangular lattice in the fermion-spin representation can bed ™ 1(k,w)=D@"}(k,w) - S?)(k,w), with the mean-field

written ag213 spinon Green’s functio(©)~(k,»)=(w?— w?)/By, and
the second-order spinon self-energy from the holon pair
bubble,

H=—tX hh', .(S'S ;+S'S;)
in

1 1+7n Zt 2 B
k ’
2(52)(k1w):_(ﬁ) E (7k7p+')’p’+p+k)2 i
! w ’
T2 e S-S, @ " o
v y Fa(k,p.p’)
where the summatign is over all sitesand for each, over o+ Epip— Ept @i FiI0T
its nearest-neighbon, Jex=[(1—8)%>— ¢?], & is the hole
doping concentrationg=(h'h;. ;) is the holon particle- B Fao(k,p,p") 3
hole order parameter, and is the chemical potential. The R T :

Hamiltonian (1) contains the holon—spinon interaction, and
therefore the spinon and holon are strongly coupled. At thavhere By=A[(2ex,+x) vx—(ex+2x,)], A=2Z0¢y, €
half-filling, the t—J model (1) is reduced as the Heisenberg =1+ 2t¢/Jey, vi=[cosk+2 cosk,/2)cos(/3k,/2)1/3, Z is
model. Although it has been shoWrunambiguously that as the number of the nearest-neighbor sités,(k,p,p’)

in the square lattice, there is indeed AFLRO in the ground=nNg(ép+p)[1—Ne(&,) 1+ [ 1+ Ng(@iipr) IINE(Ep)

state of the AF Heisenberg model on the triangular lattice;~ Ng(&p4+p/) 1, Fa(k,p,p") =ne(€p+p)[1—Ne(&p)]

this AFLRO should be decreased rapidly with increasing—Ng(wi+p)[Ne(€p) —Ne(€p4pr) ], Ne(€) and ng(wy) are
dopings than that on the square lattice due to the geometritie Fermi and Bose distribution functions, respectively, the
frustration, so in both the underdoped and optimally dopednean-field holon excitation spectrug=2xtZy,— u, and
regimes, there is no AFLRO for the doped triangular antifer-mean-field spinon excitation spectrum,

romagnet, i.e.{S’)=0. Then in the following discussions, 2008 A2 B _

we will study the frustrated spinon moves in the background @ (K=" a(Comexzvi) — aexl(22)

of holons. +(1=a)/(42)]1(1~ e

Since the basic low-energy excitations are holons and spi-
nons in the framework of the charge-spin separation, it has +A% ae(C— xyk—2x,/2)/12+ e(1— )/ (42)]
been shown that the scattering of holons dominates the
charge dynamics of the doped antiferromagdfiétowever, it X (€= ), S
has also been showhthat the spin fluctuations couple only where the spinon correlation functio%:<3+3|‘+ ;7>, C
to spinons and therefore no composition law is required in_ 2\ -~ /et a . _/z? . _
discussing the spin dynamics, but the effect of holons still is_(llZ )Z5(S 5850 X:=(S'S, W C=

Z .
considered through the holon’s order paramettenteringin -~ 2-)=77(S;, ;S ;). In order not to violate the sum rule
the spinon propagator. In this case, the spin dynamics of théS| S, )= 1/2 for the caséS)=0, an important decoupling
doped square antiferromagnet in the underdoped and optparametere has been introduced, which is regarded as the
mally doped regimes has been discusdedithin the  vertex correctiort**? The spinon correlation functions, ho-
fermion-spin theor{?** by considering the spin fluctuation lon order parameter, the decoupling parametgrand the
around the mean-field solution, where the spinon part ishemical potentialk can be determined self-consistenitfy.’
treated by the loop expansion to the second order. The results We are now ready to discuss the spin dynamics of the
show that the dynamical spin structure factor spectrum of theloped triangular antiferromagnet. The AF wave vector in the
doped square antiferromagnet at the AF wave vector is sepadangular antiferromagnet i€=(7/2,J/37/2). We have
rated as low- and high-frequency parts, respectively, but theerformed a numerical calculation for the dynamical spin
high-frequency part is suppressed in the dynamical spin sustructure factorS(Q,w) and dynamical spin susceptibility
ceptibility spectrumy”(Q,w), while the low-frequency part x”(Q,w) of the doped triangular antiferromagnet, and the
is the temperature dependent. Moreover, the integrated dyesults of the(a) S(Q,») and (b) x"(Q,w) spectra at the
namical spin structure factor is almost temperature indepemjoping 5= 0.06 (dotted ling, §=0.09 (dashed—dotted ling
dent, the integrated susceptibility shows the particularly uniands=0.12(solid line) with the temperatur@&=0.1J for the
versal 3behaV|or as  (W)2x"(kw)xarctafa, /T parameters/J=2.5 are plotted in Fig. 1. In the correspon-
+ag(w/T)%]. These results are consistent with experimenits gence. the results 8 S(Q, ) and(b) ¥"(Q,w) spectra at
from copper oxide materials and numerical simulatiths. the doping5=0.12 with the temperaturd =0.1] (dotted

Following their discussion¥. we can obtain the dynamical line), T=0.3] (dashed—dotted lineandT=0.5J (solid line)

spin structure factor and susceptibility for the doped triangu- - - -
lar antiferromagnet as for the parameter§ J= 2.5 are plotted in Fig. 2. In compari

son with the results of the doped square antiferromatfnet,
. we find that although the spin structure factor spectrum of
S(k,w)zRef dtéet-t)p(k,t—t’) the doped triangular antiferromagnet still is separated into
0 low- and high-frequency parts in the underdoped and opti-
mally doped regimes, respectively, but the high-frequency
part has been depressed due to the strong frustration in the
doped triangular antiferromagnet. Moreover, this high-
X" (k,w)=(1-e P*)S(k,w)=2ImD(k,w), (2b)  frequency part is suppressed completely in the susceptibility

=2[1+ng(w)]IMD(K,w), (2a)



13830 BRIEF REPORTS PRB 62

05

(@)

03

S(Q.m)

(b)

1"(Q,0)®

FIG. 1. The dynamical spin structure factay S(Q,w) and(b) FIG. 2. The dynamical spin structure factay S(Q,w) and(b)
the dynamical spin susceptibility”(Q,w) at the dopings=0.06  the dynamical spin susceptibility”(Q,») at the dopings=0.12
(dotted ling, §=0.09(dashed—dotted lineand5=0.12(solid ling ~ With the temperatur&=0.1J (dotted ling, T=0.3J (dashed—dotted
with the temperaturd=0.1J for the parametert/J=2.5. line), andT=0.5J (solid line) for the parametert/J=2.5.

spectrum. The excitations are rather sharp in the lowcase of the doped square antiferromadfeie heavy devia-
frequency range, and the spin structure factor and suscep#ions occur at the low-frequency range. This temperature de-
bility spectra are changed with dopings and temperaturefpendent behavior ofS(w,T) at the low-frequency range
The low-frequency peaks in th@ point in the spin structure leads to that the shape of the integrated dynamical spin struc-
factor and susceptibility spectra are due to the AF fluctuatyre factorS(w,T) does not exhibit a universal behavior. In
tions, which will be in existence even in the undoped casegorrespondence with the integrated dynamical spin structure
and therefore dominate the neutron-scattering and NMR profactor, the results of the integrated dynamical spin suscepti-
cesses, while the high-frequency peak in the spin structurgility |(w,T) at the dopings=0.12 for the parametet/J
factor spectrum may come from the contribution of the free-=3 5 \ith the temperatur@=0.2) (solid ling), T=0.4]
fermion-like component of the systems, which induces thqgashed ling and T=0.6J (dashed—dotted lineare plotted
main effect to the large extent the static spin correlation. i Fig. 4, which show that the shape of the integrated dy-
For further understanding the magnetic properties of théamical spin susceptibility also is not universal. In the doped
doped triangular antiferromagnet in the underdoped and opsquare antiferromagnét,the universal behavior of the inte-
timally doped regimes, we have discussed the integrated dygrated dynamical spin structure factor spectrum is closely
namical spin structure factor and integrated dynamical spife|ated with particularly universal behavior of the integrated

susceptibility of the doped triangular antiferromagnet, dynamical  spin  susceptibility 1(w,T)xarctafia;o/T
_ +ag(w/T)%]. But in the present case of the doped triangular
S(0,T)=S.(0)+S (- w)=(1+e #*)S (w) antiferromagnet, the temperature dependenc&(ef,T) at
1 the low-frequency range leads to the temperature dependence
:(1+e’ﬁ“’)ﬁ zk: S(k,w), (580  of the integrated dynamical spin susceptibility at the same
30
l n %
|(w,T)=N§ X'(K,). (5b) .
. |(/J§ 15
The numerical results 08(w,T) at the doping(a) §=0.06 10
and (b) 6=0.12 with the temperatur€=0.4J (dotted ling, s
T=0.6] (dashed—dotted lineand T=0.8] (solid line) for N
the parameter$/J=2.5 are plotted in Fig. 3. Our results 10
show that in the underdoped and optimally doped regimes, olt

the S(w,T) is decreased with increasing energies tor FIG. 3. The integrated dynamical spin structure fa&(m) at
<0.é, and almost constant fas=0.6t. Moreover,S(w, T) the doping(a) §=0.06 and(b) §=0.12 with the temperatur@
is essentially temperature independent at the high-frequency0.43 (dotted ling, T=0.6] (dashed—dotted line and T=0.8]
range in a wide temperature regime, but in contrast to thésolid line) for the parameters/J=2.5.
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gap!’ which is mainly induced by the frustrated spinons.

Since in the charge-spin separation framework the spin dy-
namics is dominated by the scattering of spinons, which are
strongly renormalized because of the strong interactions with
fluctuations of surrounding holon excitations. The frustrated
spinon moves in the background of the holons, and the cloud
of distorted holon background is to follow frustrated spinons,
which leads to the anomalous spin dynamics in the doped
triangular antiferromagnet. In other words, the normal-state

gap due to the frustration is the main reason to cause that the
particularly universal behavior of the integrated dynamical
ofT spin susceptibility is absent in the doped triangular antiferro-
magnet in the underdoped and optimally doped regimes.
FIG. 4. The integrated dynamical spin susceptibilitw, T) at In summary, we have discussed the spin dynamics of the
the dopings=0.12 for the parameterfJ=2.5 with the temperature doped triangular antiferromagnet in the underdoped and op-
T=0.2] (solid line), T=0.4] (dashed ling andT=0.6] (dashed— timally doped regimes within the—J model. We treat the
dotted ling. spinon part by using the loop expansion to second order. It is
shown that although the dynamical spin structure factor and
susceptibility spectra show the anomalous behaviors at the

frequency range, and therefore the particularly universal beAF zone center, the particularly universal behaviors of the

havior of the integrated dynamical spin susceptibility presentyioqrated dynamical spin structure factor and susceptibility
in the doped square antiferromagnet, is absent in the dop

) , esent in the doped square antiferromagnet, are absent in the
triangular antiferromagnet.

) ) doped triangular antiferromagnet.
In the doped square antiferromagnet, it has been shown

that there is no normal-state gap in the electronic density of The authors would like to thank Professor H. Q. Lin and
states™* In this case, the integrated dynamical spin structureDr. W. Q. Yu for helpful discussions. The work at Beijing
factor is almost temperature independent, and the integratedormal University was supported by the National Natural
susceptibility shows the particularly universal behati@s  Science Foundation under Grant No. 19774014. The work at
mentioned above. But in the doped triangular antiferromagTamkang University was supported in part by the National
net, the electronic density of states has the normal-stat8cience Council under Grant No. NSC 87-2112-M-023-004.
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