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Destruction of long-range antiferromagnetic order by hole doping
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We study the renormalization of the staggered magnetization of a two-dimensional antiferromagnet as a
function of hole doping, in the framework of thieJ model. It is shown that the motion of holes generates
decay of spin waves into “particle-hole” pairs, which causes the destruction of the long-range magnetic order
at a small hole concentration. This effect is mainly determined by the coherent motion of holes. The value
obtained for the critical hole concentration, of a few percent, is consistent with experimental data for the doped
copper oxide highF, superconductors.

One of the interesting features of the copper oxide high- 1
T, superconductors is the dramatic reduction, with doping, Ht-3=—t 2 (cle,tHC)+IX (S'Sj— Zninj)v
of the long-range magnetic order of their parent compodnds. {iye @iy 1)
The undoped materials, e.g.,JGu0,, are antiferromagnetic
(AF) insulators. Doping, e.g., in La sSrsCuQ,, introduces Where3=%cfaaaﬁciﬁ is the electronic spin operatas, are
holes in the spin lattice of the Cy(planes, and the long- the Pauli matrices);=n;; +n;, andni(,:ci*gcig. To enforce
range AF order is destroyed at a small hole concentratiomo double occupancy of sites, we use the slave-fermion
6.~0.02. The Cu@ planes are described by a spin-1/2 Schwinger Boson representation for the electron operators
Heisenberg antiferromagnet on a square lattice, with moving, =f'b; , where the slave-fermion operat} creates a
holes that strongly interact with the spin array. The motion ofhole and the boson operatoy, accounts for the spin, subject
holes generates spin fluctuations that tend to disrupt the Aly the local constraintf; + = bl b;,=2S. For zero doping,
order. It has been shc_>wn that hole mot|_on p_roduc_es Stronghe modek(1) reduces to a spin-1/2 Heisenberg antiferromag-
effects on the magnetic properties, leading, in particular, tget, exhibiting long-range N order at zero temperature.
significant softening and damping of the spin excitations as &he Neel state is represented by a condensate of Bose fields
e magniocier dssppeers s cor been Kerngias, A0y 325, Tosectucl. i the up ard doun
fied with the concentration where the spin-wave velocitysyin-wave operators on the "Ble bacjllgrOlJJnd. After

vanishes. However, important damping effects occur, whiclgggojiubov-valatin transformation on the boson Fourier
have to be taken into account. In particular, all spin waves;ansform bk:VkBT U Bk, with  ue={[(1— 75)71/2

become overdamped at a concentration well below the on 112 _ -1 112

for which the spin-wave velocity vanishes, suggesting that% }]/2 » V= Sgn(”k){[(l i) 1.]/2} ' gnd Yk

the long-range AF order may disappear at a smaller 7 (cosk,+cosk,), we arrive at the effective Hamiltonian

concentration. The critical hole concentratiod, is provided 1

by the vanishing of the staggered magnetization order pa- _ t _ -~ +

o tor H= Jﬁgémmﬂﬂuq K) B+ V(q—k.k) Bl]
In this work we use thé-J model to calculate the doping

dependence of the staggered magnetization of a two-

dimensional antiferromagnet, and determine the critical hole

concentrationd, . It is shown that the motion of holes gen-

erates decay of spin waves into “particle-hole” pairs, lead-having S=1/2 andN sites in each sublattice. In E(R), the

ing to broadening of the spin-wave spectral function. Thisfirst term, with V(q,k) =Zzt(yqux+ v4+ Vi), represents the

broadening gives rise to a drastic reduction of the staggereititeraction between holes and spin waves resulting from the

magnetization and the disappearance of the long-range orderotion of holes with emission and absorption of spin waves,

at low doping, in agreement with experiments. Such a proand the second term describes spin waves for a pure antifer-

cess was suggested some years ago by RamakriSifam. romagnet, with dispersionl=(zJ/2)(1— y?)*?, zbeing the

vanishing of the staggered magnetization as a consequentgtice coordination numberzE& 4).

+;w%mw )

of doping, has already been studied in th& model by Gan The staggered magnetization is given by
and Mila considering the scattering of spins by moving
holes, and by Khaliullin and Hors¢hconsidering spin dis- M :(59_(3@:2(3%), ©)

order introduced by the incoherent motion of holes.
We describe the copper oxide planes with thkmodel,  with
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describe the decay of spin waves into “particle-hole” pairs.
N\QA The spin-wave self-energies can then be written in terms of
the hole spectral functiom(q, ), as

m mn
1
FIG. 1. Spin-wave self-energies in the SCBA. M7k, w)= N > UTK,g[Y(q,—k; )
q
+Y(q—k,k;—w)], 7
<3%>:i;s(:n (SD), (q )] (7

where the sum is over the up sublattice. Using the SchwingevrvIth

boson representation for the spin operafr= %(ciﬂciT

—cﬂcil), and the boson condensation associated to fle¢ Ne Y(q,—k;w)= jmdw’f
state, one hasS=(1—h'h,)(S—b'b;), which, after n
Bogoliubov-Valatin transformation, leads to

o p(q0)p(a—Ko")
do —,
—o0 wot+to"—o' +in

and U™ (k,g)=U""(k,q)=V(a,— k)V(q—k,k),
M=(1-6)[Mo—AM], @ Ut (k,q)=V(g—k,k)2 U~ *(k,q)=V(q,—k)2. The rela-
where tions II "(k,w)=II""(-k,—w) and II (ko)

=II""(k,w) are verified, the last implyingD ™~ (k, )

=D""(k,w). The SCBA provides a spectral function for the
(5  nholes® 5 that is composed of a coherent quasiparticle peak

and an incoherent continuum, taking the approximate forms,
is the staggered magnetization for a pure antiferromagnetespectivelypcoh(q,w)=a05(w—sq) with ao=(J/t)?3, and
and p'"cN(q,w)=ho(|w| —2J2)6(2zt+2I2—|w|) with h=(1
—ag)/2zt, the energies are measured with respect to the
Fermi level, and the quasiholes fill up a Fermi surface con-
sisting of pockets, of approximate radigs= /75 , located
M- at momentag;= (= 7/2,= w/2) in the Brillouin zone, the
(BB ] (6 quasiparticle dispersion being, neg, written ase =g

The prefactor in Eq(4) accounts for the spin dilution due to +(q—0;)%2m, with an effective massn=14. Thf self-

doping, being negligible for small hole concentrations. In Eq.£N€91€s will the5n present tﬁhree contributio$!*(k, w)

(5), the order parameter is considerably reduced by quanturi 11¢c(K, @) +1Z5c(K, ) + 113 (k, @), corresponding, re-

fluctuations, to=0.6xX 2N'S. With zero doping the expecta- spectively, to transitions of _holes within the coherent_ b_and,

tion values in Eq.(6) vanish andAM=0. However, in a _between the coherent and incoherent band_s, and Wlthll’? the

doped system the motion of holes generates spin ﬂuctuationg‘,COhere”t band. We'have calculated the Q|fferent contribu-

giving rise to nonzero expectation values in E8), even at  tions to lowest order in the hole concentration

zero temperature, and thexrM #0. _ The (_:hange in the staggered mf_;lgnetlzathn mo_luced_ by the
In order to calculate the staggered magnetization for thdteraction between holes and spin wav6j is written in

doped system, we need the spin-wave Green’s functions, d&&rms of the spin-wave Green’s functions, as

fined as

M0=2

NS—; vi

AM=2§ [(UE+ V(BT (Bi)+uvi((BiB-k)

D™ (kt—t")=—i(TBx(t) BL(L")) AM=—, 2 Fwdw[z ImD "~ (k,w)
L = ) = T o 4, A ,(1)
o © (1-ypre)o 2w
D*(kt=t")=—(TBL () B_ (1)), — 9 Im{D" " (k,w)+ D~ " (k,w)}]. (8)
D (kt=t")=—i(TB(t) B-(t')), To lowest order in the hole concentration Eq. (8) gives
D (kt—t")=—I(TB (D BLL")), X )
k _

where( ) represents an average over the ground state. TheAM = _% (1_—2)1/2 B FReH (k, 0p)

spin-wave Green’s functions satisfy the Dyson equations: Yk @k

D*(k, ) =D§" (K, ) + =,,D4"(k,0)17°(k,) D”(k,w), vedo (M (Ko) T (ko)

where u,v==*. The free Green’s functions a2, " (k,®) +f — o T )

= U(w—wd+in), D¢ (k) =1(— w—wd+in), 0 (0t o) ™= (wy)

Do “(k,w)=Dg “(k,w)=0, (p—07), and I1"°(k,w) are 9)

the self-energies generated by the interaction between holes

and spin waves. We calculate the spin-wave self-energies iBvaluating Eq.(9), one finds that the behavior of the stag-
the self-consistent Born approximatie8CBA), which cor-  gered magnetization is essentially determined by the coher-
responds to consider only “bubble” diagrams with dressedent motion of holes, and moreover, that it is governed by the
hole propagators, as illustrated in Fig. 1. These diagramsnaginary part of the self-energies, i.e., the contributions
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2 1
x{1-s%(g)6(1—s(g)|)
—V1-52(—g)6(1—[s(—9)])},

t

ImTI; ¢ (k,w)=2J8a3 3

F = (k,w)

with

F~ 7 (k,w)=[cogkyg) +cogkyg) ] -yl cosky cogk,Q)
+cosk, cogk,g)],
F~ " (k,w)={(cosk,—cosk,)[ cog gky) —cog gk,)]/2
— (1— yH) ¥ sink, sin(gk,) + sink, sin(gk,)]
-2(1- )},

wheres(g) =(1—g)k/2qr andg=2w/Jk?, while

2
Rell- - (k,w0)= — 23802 - yzkkz
‘ I 81— yi— (k/2)*]
| (SirPk,+sirPk,)
(1= 7)™

Regarding the incoherent contributions,
ImIIg (K, @)+ ImIL (k)

a
=:zJJ75(1—aO)23—2

X I1(w)+

© 1 ati1- 2
a3~ 3T gl

3
—= ————0(20—k
2w (1= 2O
(Sir K+ sir k)
(1= 7)™

t g
+43 mlg,(w)

+1/6G* (k) 0(k—2q¢)

with
G (K=y. G'(k)=1+(1-»)"
l1(w)=0(w/4]—1)0(2t/I+1— wl/4d),
()= 0(w/4I—1—2t/3)6(4t/1I+1— wl/4Ad),

l3(@) = 0(2t/3+ 1/2— w/4d) 6( wl4I—1/2),

is one to two orders of magnitude smaller
ImII; ¢ (k,0), while
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FIG. 2. The staggered magnetization per spin vs hole concen-
tration for different values of/J.

Rell; o (k,wQ) + Rellj (K, wp)

t1
223@(1—30)23 1

x| In2+ 20 |<1+4t” <
n2+-——In ||| === ———
1-ag J 2\/;(1_,)/@1/2
(sin? k, + sir2 k,)
XG(ZQF—k)Jr\/EVkW@(k—ZQF) ,
~ %

is of the same order of magnitude asIRg. (k,w), though
smaller.

As a result, we find that the staggered magnetizat®n
calculated with Eq(9), is strongly reduced with doping, van-
ishing at a small hole concentration, as illustrated in Fig. 2.
The reduction of the staggered magnetization is generated by
the imaginary part of the self-energies, It =, which im-
ply broadening of the spin-wave spectral function. The real
part of the self-energy, Rd ™~ ~, gives rise to an increase of
the staggered magnetization, which however is one order of
magnitude smaller than the decrease due to the imaginary
part of the self-energies. The increase of the staggered mag-
netization arising from the real part of the self-energy results
from the coherent motion of holes, while the incoherent mo-
tion leads to a decrease, though with a smaller amplitude.
We find a critical hole concentration that fofJ=3 is &,
=0.07, whereas for/J=4 is 6.=0.05. The value fob., of
a few percent, is consistent with experimental data for the
copper oxide highF; superconductors. The critical hole con-
centrationd, is smaller than the hole concentration leading
to the vanishing of the spin-wave velocifg.g., 8s,=0.23
for t/3J=3), or the concentration at which all spin waves
become overdampedt =0.17 also fott/J=3), in the same
approach. This is because the staggered magnetization is
specially influenced by the strong damping effects induced
by hole motion. Khaliullin and Horséhdid not consider

thandamping effects, and concluded that the long-range order

disappears as a result of the incoherent motion of holes, how-
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ever having estimated a decrease of the staggered magneattduced as a function of doping due to the strong interaction
zation due to the incoherent motion of holes that is over ondetween holes and spin waves. The motion of holes gener-
order of magnitude larger than the one calculated by us. Gaates decay of spin waves into “particle-hole” pairs, leading
and Mila’ studied the effects of damping on the staggeredo the destruction of the long-range magnetic order at a small
magnetization, though considering the scattering of spins byiole concentration. This effect is mainly determined by the
holes, i.e., a four-particle interaction with “uncondensed” coherent motion of holes. The calculated critical hole con-

bosons. Our results, giving the vanishing of the magnetizagentration is consistent with experimental data for the doped
tion for a hole concentration where the spin-wave velocity IScopper oxide highF, superconductors.

still finite, suggest that, even when long-range order has dis- \ve also note th(:at NMR measurements, reported in Ref.
appeared, strong AF correlations persist, which allow SPIN4 6 show damping of the low-energy spin excitations in the
wave excitations to exist, for length scales less than the mag;

netic correlation length. This is, in fact, experimentall oped Cu@ planes due to “particle-hole” excitations,
observed gth. k » €XP Y which supports the mechanism for destruction of the long-

In conclusion, we have shown that the staggered magnerf’jInge order presented in this work.

tization of a two-dimensional antiferromagnet is significantly =~ We thank T. Imai for bringing Ref. 16 to our attention.

*Electronic address: fdias@alf1.cii.fc.ul.pt 8G. Khaliullin and P. Horsch, Phys. Rev. &, 463 (1993.

R.J. Birgeneau and G. Shirane, Rhysical Properties of High  °C.L. Kane, P.A. Lee, and N. Read, Phys. Re\8®6880(1989.
Temperature Superconductoeslited by D.M. GinzbergWorld ~ 1°F. Marsiglio, A.E. Ruckenstein, S. Schmitt-Rink, and C.M.
Scientific, Singapore, 1990 Varma, Phys. Rev. B3, 10 882(1991).

2J. Gan, N. Andrei, and P. Coleman, J. Phys.: Condens. Matter G, Martinez and P. Horsch, Phys. Rev4B, 317(1991).
3537(199)). 127 Liu and E. Manousakis, Phys. Rev.45, 2425(1992.

%|.R. Pimentel and R. Orbach, Phys. Rev4B 2920(1992. 13, Dagotto, Rev. Mod. Phy§6, 763 (1994.

“K.W. Becker and U. Muschelknautz, Phys. Rev4B 13 826 14N M. Plakida, V.S. Oudovenko, and V.Yu. Yushanhai, Phys.

; (1993. _ Rev. B50, 6431(1994.
I.R. Pimentel, F. Carvalho Dias, L.M. Martelo, and R. Orbach, 155 Kyung and S. Mukhin, Phys. Rev. 85, 3886 (1997

Phys. Rev. B60, 12 329(1999.
6T.V. Ramakrishnan, Physica B53 34 (1990.
7J. Gan and F. Mila, Phys. Rev. 84, 12 624(1991).

16K R Thurber, A.\W. Hunt, T. Imai, F.C. Chou, and Y.S. Lee,
Phys. Rev. Lett79, 171(1997.



