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The doping, temperature, and energy dependence of the dynamical spin structure factors of the underdoped
lanthanum cuprates in the normal state are studied within-theodel using the fermion-spin transformation
technique. Incommensurate peaks are founfi(at- 6) m, ], [7,(1= 6) 7] at relatively low temperatures,
with & linearly increasing with doping at the beginning and then saturating at higher dopings. These peaks
broaden and weaken in amplitude with temperature and energy, in good agreement with experiments. The
theory also predicts a rotation of these peaks# at even higher temperatures, being shifted (b

= 81\2)m, (1= 8\2)].
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In spite of the tremendous efforts dedicated to the studiegty to a quantum critical poifif was proposed as an alterna-
of anomalous properties of highs superconductors, many tive explanatiort? However, to the best of our knowledge,
important problems still remain open. Among others, the deno systematic calculations have been performed within the
struction of antiferromagnetic long range ord&FLRO)  standard strong correlation models for the dynamical spin
and appearance of incommensurate antiferromagnetisistructure factorDSSH to confront the experimental data.
(IAF) in doped cuprates is one of the challenging issues foExact diagonalization is limited by system sizes, while the
the theory of strongly correlated electron systems. Moreoveiquantum Monte Carlo technique faces the negative sign
the interplay of AF and superconductivity in these com-problem for lower temperaturé$.Thus it is rather difficult
pounds is of fundamental importance for the hightheory.  to obtain conclusive results.

Experimentally, by virtue of systematic studies using NMR In this paper, using the fermion-spin thettywhich

and u SR techniques, particularly the inelastic neutron scatimplements properly the local single occupancy constraint,
tering, rather detailed information on dynamical magneticwe calculate explicitty DSSF for cuprates within thel
properties has become available now, awaiting an adequateodel and reproduce all main features found in
theoretical interpretation. It has been established that beyorekperimentg; **? including peak position as well as tem-
certain critical doping £3%) the commensurate AFLRO perature and energy dependence. Apart from the tafio
disappears, being replaced by IAF, characterized by incomzaken to be 2.5 there are no other adjustable parameters in
mensurability parameters, i.e., the AF Bragg peaks are the calculations. Moreover, the theory predicts the magnetic
shifted from [, 7] to four points[w(1£6),n], [7,(1  peaks will be rotated byr/4 at even higher temperatures,
+ 8) ).} For very low dopingss varies almost linearly with i.e., being shifted tg (1+ &/y2),(1* 8/2)#]. To avoid
concentratiorx, but saturates at higher dopings. These peaksomplications due to bilayers we will focus on the normal
broaden and weaken in amplitude as the temperature arsgiate IAF in lanthanum cuprates.

energy increase. These features are fully confirmed by the We start from the-J model on a square lattice

data on lanthanum cuprat&s! and have also been found

recently on yttrium cupratesTheoretically there is a general

consensus that IAF emerges due to doped charge carrier!sl=—t2 CiTUCH;,(,Jr H.c.—,uZ CLCi(,JrJZ S-S5,
Several attempts have been made to make this argument ino ' in

more precise, including the hole induced frustrafisiripe @)
formation/ spiral phasé,and Fermi surface nestifigBased _ _ ‘ A e .
on the phenomenological ansatz of marginal Fermi liquidVith the local constraink ,Ci,Ci, <1, wheren=*Xx, *y,
behaviot® and tight binding calculation, a detailed fitting of andS;=C]C;/2 are spin operators with= (0,0, ,0,) as

the experimental data was attempté&ecently experiments Pauli matrices. The single occupancy local constraint can be
show stronger singularities of AF fluctuatidhshan what is  treatedproperly in analytical formwithin the fermion-spin
anticipated from the phenomenological models. The proximtheory®> based on the slave particle approéﬁhpm
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=h!S", Ci,=h{S", where the spinless fermion operator
describes the chargéolon degrees of freedom, while the
pseudospin operat& describes the spi(spinor) degrees of

freedom. In this representation, thewv-energyHamiltonian 120
of the t-J model(1) can be rewritten &3 .
B
_ _ =
H=t> h' -h(S'S.;+S 'S’ ) +u> hih 2 80
in ! @
+Jer 2 (SSi+7), 2 8 40
in X
with Jeg=J[ (1—x)2— ¢?], wherex is the hole doping con- ¢
centration, the holon hopping parametﬁ#(hfhw;?), and

S’ andS~ as the pseudospin raising and lowering operators,
respectively. It has been sholWrthat the constrained elec-
tron operator can be mapped exactly using the fermion-spir
transformation defined with an additional projection opera-
tor. However, this projection operator is cumbersome t0 FiG. 1. The dynamical spin structure factor in thig {,) plane
handle in the actual calculations, and we have not presented dopingx=0.06, temperatur@=0.1J, and energyw=0.05) for
it explicitly in Eq. (2). It has also been showhthat such parametet/J=2.5.

treatment leads to errors of the ordein counting the num-

ber of spin states, which is negligible for small dopings.\ynere
Within this framework the spin fluctuations only couple to —A[2x(evi— D)+ x(y—€)], A=2ZJps, e=1+2tpl
spinons, but the strong correlation between holons an o Fakpp)=Ne(égs o) [1—Ne(é0) ]+ 1+ Na(@ps )]
spinons is included self-consistently through the holon's par, ’(f ,)_h ’(5 N pr(kp 0')=n %f A[1-ne(€ '?)]
rameters entering the spinon propagator. Therefore botk FLop Frsprplile T Foseep PP

: : . = Ng(@k1p)[Ne(Epr) =Ne(€p+pr) ], NE(&), andng(w,) are
spinons and holons are responsible for the spin dynamiCg,q termion and boson distribution functions, respectively,

The universal behavior of the momentume-integrated DSSkhe MFE holon excitatio = 2Zty .+ i, and the MF spinon
and susceptibility in the underdoped regime has been Calué'xcitation 02=A2(A1 72+ AsytAg) with Aj=ae(x/2
lated within the fermion-spin theotyby considering spinon ) A Kk [(l_lzy)k ( 2/72“+ 35/2_ c iC/Z)—X(l
fluctuations around the mean-fielMF) solution, where the _GX/Z ’22 Z_EA _ g :XZC/ZXZ+ 1_0[ i+ 2y/(47
spinon part is treated by the loop expansion to the second a)l(22)], 3= a(Cqte )+ (1~ a)(1+e)/(42)

yk=(1/2)2;7eik‘;7, Z is the coordination numbeB,

order. Following Ref. 17, we obtain DSSF as ae(x/2+ex,)/Z, the spinon corrzelation erunctions(
. .17, e = B - -
=(S7S.;), x=(S[S;), C=(LZ)Z;;(S;S.;),
S(k,w) andC,= (11233 ;; (S, ;;S.Z+ ;). In order to satisfy the sum
=—2[1+ng(w)]IMD(K,w) rule for the correlation functiofS" S )= 1/2 in the absence

of AFLRO, a decoupling parameterhas been introduced in
the MF calculation, which can be regarded as the vertex
2w correction*®'®These MF order parametegs C, x,, C,, ¢,
% Bilm~(K,w) and decoupling parameter have been determinttby the
[0~ 02— BReS DK, 0) ]2+ [BmEP(k,w)]?’ self-consistent equations.
Of course, at vanishing dopings the AFLRO gives rise to
©) a commensurate peak[dt/2,1/2) (hereafter we use the units
where the full spinon Green's functionD *(k,w) of [27,27r]), which is not presented here for the sake of
=Dk, w)—32®(k,w), with the MF spinon Green's space. Instead, we plot DSS¥k,w) in the (k,,k,) plane at
function'® D(O)*l(k,w)=(w2—w§)/8k, while Ingz)(k,w) doping x=0.06, temperaturd=0.1] and energyw=0.05]
and R&P(k,») are the imaginary and real parts of the for t/J=2.5in Fig. 1. The commensurate peak is split into
second order spinon self-energy, respectively, obtained frofPUr IAF peaks af (1+6)/2,1/2] and[1/2,(1* 6)/2]. The
the holon bubble calculated DSSE(k,w) has been used to extract the doping
dependence of the incommensurability parameétes), de-
fined as the deviation of the peak position from the AF wave
vector[1/2, 1/2), and the result is shown in Fig. 2 in com-
parison with the experimental diteaken on La_,Sr,CuQ,
Fi(k,p,p") (insey. 8(x) increases almost linearly with the hole concen-
tration in the low-doping regime, but it saturates at higher
@ &pipr— Eprt @ip dopings, in full agreement with experimental data.
Fo(k,p,p’) ) For a better understanding of the IAF we have made a
- , (4) series of scans fa®(k,w) at different temperatures and en-
o+ &pip—Ep— Wip ergies, and the result for doping=0.06, t/J=2.5 atT

=—2[1+ng(w)]

Zt\?
2&2)“(:“))2_(“) 2 (7p’+p+k+7k7p’)2
pp’

Bk+p
204 p
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FIG. 4. The dynamical spin structure factor in the (k,) plane
FIG. 2. The doping dependence of the incommensurakiliky) at dopingx=0.06 for parametet/J=2.5 and energy»=0.05] at
of the antiferromagnetic fluctuations. Inset: the experimental resultemperaturél = 0.5J.
on La_,Sr,CuQ, taken from Ref. 4.

low temperatures(near the superconducting transition
=0.1J and w=0.1J is shown in Fig. 3. Comparing it with However, a strong temperature dependerﬁ(@lw) in
Fig. 1 for the same set of parameters except#er0.08],  La, ,Sr,CuQ, has been observéd? namely, the weight of
we see that at relatively low temperatureb=(0.1J), al-  |AF peaks at[(1+6)/2,1/2] and [1/2,(1+ 6)/2] is sup-
though the positions of IAF peaks are almost energy indepressed severely with increasing temperature, whereas the
pendent, these peaks are broadened and suppressed with\ieight is increasing with temperatdfeat [(1+ 8/2)/2,(1
creasing energy, and tend to vanish at high energies. This 5/2)/2]. This tendency is consistent with our theoretical
reflects that the spin excitations are rather sharp in momerpredictions. Experiments at even higher temperatures are re-
tum space at low temperatures and energies, then the linguired to check our predictions explicitly.
width, or the inverse lifetime increases with increasing en- Now we give some physica] interpretation to the above
ergy, in full agreement with experimerits?Now we turn to  obtained results. As seen from E@), the DSSF has a well-
discuss the temperature dependenceS@,w). S(k,w) at  defined resonance charact&(k,w) exhibits a peak when
x=0.06 fort/J=2.5 andw=0.05] at temperaturdf =0.5J  the incoming neutron energy is equal to the renormalized
is plotted in Fig. 4. To our big surprise, comparing it with spin excitation Eﬁ=wﬁ+ BkReEgz)(k,Ek), i.e., W(ks,o)
Fig. 1 for the same set of parameters excepflfer0.1], we =[w?— wﬁ; Bk5R§gz)(k5,w)]2= (02— EiQZNO for cer-

find that, apart from the suppression of the peak weight Wlt%ain critical wave vectork, (positions of IAF peaks The

temperature as anticipated, the positions of IAF peaks arg . . : . .
temperature dependent, i.e., these peaks deviate f(dm eight of these peaks is determined by the imaginary part of

+ 5)/2,1/2) and[ 1/2,(1% 8)/2] with increasing temperature, (€ SPinon self-energy, i.e., 1/BY(ks,w). Near half-
and are rotated byt/4 in the reciprocal space about (1/2,1/2) filling, the spin excitations are centered around the AF wave
at higher temperaturesT&0.53), being shifted to[(1 vector [1/2, 1/3, S0 the commensurate AF peak appears
+ 8/\2)/2,(1% 5//2)/2]. Up to now most experimental data th.e”?- Upon dop_mg, the holes disturb the AF background.
show that, the positions of IAF peaks in 48Sr,CuQ Within the fermion-spin framework, as a result of self-
(Refs. 4,12 and FI)_@SrCuQ (Ref pZQ are Iocateé a[(f consistent motion of holons and spinons, IAF is developed
- 5)/2' 1}2] and [1/2,(1+ 5)72"] in the underdoped regime be_yond (;ert_ain crit_ical doping, which means, the low-energy
but these data in the normal-state are obtained at relativeRP excitations erft away from the AF wave vector, or the
ero of W(ks,w) is shifted from[ 7, 7] to k5. As seen from
Eq. (3), the physics is dominated by the spinon self-energy
renormalization due to holons. In this sense, the mobile holes
are the key factor leading to IAF. As seen from Fig. 5, func-

120 tion W(k,w) has a rather deep valley along a circle of radius
g & around[1/2, 1/2. However, if we enlarge the scale very
2 80 significantly (by a factor of 300, as shown in Fig. 6, there is
2 . 1 ‘ a strong angular dependence with actual min{mat exactly
S 4 A';Z&)é;ﬁ.-j:f.:.:,.,lill),i.... 075 zero due to precision limitatiopsat [(1—6)/2,1/2] and
7 ﬁ%ﬁ%ﬁ;%;{fg%;{%“\%i ' [1/2,(1— 8)/2] for T=0.1]. These are exactly the positions

0.50k of the IAF peaks determined by the dispersion of very well
0.75 '~'~'.~'.~:.~:~';~:~" * defined renormalized spin excitations. Since the height of the
. e . . . o
k 0.25 025 IAF peaks is determined by damping, it is fully understand-
y .

able that they are suppressed as the neutron energyd
FIG. 3. The dynamical spin structure factor in thg (k,) plane ~ temperature are increased. The novel result of this paper,
at dopingx=0.06 for parametet/J=2.5 and energyw=0.1J at  namely, the shift of the position for IAF peaks as the tem-
temperaturel =0.1J. perature increases is also due to the same reason. To demon-
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0.25 =[(1-8/\2)12, (1~ 8/\2)/2] to kz=[1/2,(1~ 5)/2] at dopingx
ky 0.25 =0.06 for parametetr/ J=2.5 and energw = 0.05] at temperatures
T=0.1J (solid line), T=0.2) (dashed ling T=0.4) (dash-dotted
FIG. 5. FunctionW(k,w) in the (k,k,) plane at dopingx line), andT=0.5] (dotted ling.
=0.06 for parametet/J=2.5 and energy»=0.1J at temperature
T=0.1J. rameters. We believe these are universal features of the un-
derdoped cuprates, as shown by experiments on
strate this point in Fig. 6, we plot the functidb(k,») along  La,_,Sr,CuQ,,**? La,CuQ,,4,?° and YBgCu0O,_,.°
the arc from k=[(1-8)/2,1/2] via [(1—45/\2)/2,(1  There might be additional features due to bilayer splitting in
—5I\2)12] to [1/2,(1- 8)/2] at doping x=0.06 for t/J  the band structur€}” and related theoretical results will be
—2.5 and w=0.05) for different temperaturesT=0.1]  presented elsewheféThe theory also predicts a rotation of
(solid line, T=0.2] (dashed ling T=0.4) (dash-dotted IAF peak position at very high temperatures which should be
line), andT = 0.5J (dotted ling which shows clearly the tem- Verified by future experiments.
perature dependence of the minima\W{k,w)—kys. This Finally, we would like to mention that the influence of the
means the self-energy correction due to holon motion is temadditional second-neighbor hopping on the IAF and
perature dependent. From the physical point of view, this ignomentum-integrated dynamical spin susceptibility of the
very reasonable. It would be of great interest to check ext-J model has been discussed within the fermion-spin theory.
plicitly this prediction in neutron experiments at much higherlt has been shovifithat for small values of’ the qualitative
temperatures. behavior of the IAF and integrated dynamical susceptibility
To conclude we have shown very clearly in the paper thaef thet-t’-J model is the same as obtained from the present
if the local single occupancy constraint is treated propgdy t-J model.
done in the fermion-spin theorand the strong spinon-holon
interaction is taken into account, tiie] model per se can The authors would like to thank Professor T. Xiang for
correctly reproduce all main features of IAF in underdopedhelpful discussions. This work was supported by the Na-
cuprates, including the doping dependence of the IAF peakonal Natural Science Foundation under Grant No.
position and the energy as well as temperature dependence 074007, and a Grant from the Ministry of Education of
the amplitude of these peaks, without using adjustable pachina.

1For reviews, see M.A. Kastner, R.J. Birgeneau, G. Shiran, and Y.8A. Aharony, R.J. Birgeneau, A. Coniglio, M.A. Kastner, and H.E.
Endoh, Rev. Mod. Phy§0, 897(1998; A.P. Kampf, Phys. Rep. Stanley, Phys. Rev. Let60, 1330(1988; R.J. Gooding, N.M.
249, 219(1994; T.E. Mason, cond-mat/981228édnpublished Salem, R.J. Birgeneau, and F.C. Chou, Phys. Re§5B6360

’R.J. Birgeneau, Y. Endoh, Y. Hidaka, K. Kakurai, M.A. Kastner, (1997.

T. Murakami, G. Shirane, T.R. Thurston, and K. Yamada, Phys.7J. Zaanen and O. Gunnarsson, Phys. Re#0B7391(1989; D.
Rev. B39, 2868(1989. Poilblanc and T.M. Ricejbid. 39, 9749 (1989; H.J. Schulz,

3S.W. Cheong, G. Aeppli, T.E. Mason, H. Mook, S.M. Hayden,  Phys. Rev. Lett64, 1445(1990.

P.C. Canfield, Z. Fisk, K.N. Clausen, and J.L. Martinez, Phys. 8C.L. Kane, P.A. Lee, T.K. Ng, B. Chakraborty, and N. Read,
Rev. Lett.67, 1791(1991). Phys. Rev. B41, 2653(1990; B. Normand and P.A. Leebid.

4K. Yamada, C.H. Lee, K. Kurahashi, J. Wada, S. Wakimoto, S. 51, 15 519(1995.

Ueki, H. Kimura, Y. Endoh, S. Hosoya, and G. Shirane, Phys. °N. Bulut, D. Hone, D.J. Scalapino, and N.E. Bickers, Phys. Rev.

Rev. B57, 6165(1998, and references therein. Lett. 64, 2723(1990; Q. Si, Y. Zha, K. Levin, and J.P. Lu, Phys.
5P. Dai, H.A. Mook, R.D. Hunt, and F. Dag, Phys. Rev. B3, Rev. B47, 9055(1993; T. Tanamoto, H. Kohno, and H. Fuku-
054525(2001). yama, J. Phys. Soc. Jp83, 2739(1994); Y. Hasegawa and H.

224505-4



DOPING AND TEMPERATURE DEPENDENCE OF . .. PHSICAL REVIEW B 64 224505

Fukuyama, Jpn. J. Appl. Phy26, L322 (1987). (Plenum, New York, 1992 Vol. 3, p. 157.
10C.M. Varma, P.B. Littlewood, S. Schmitt-Rink, E. Abrahams, and *Shiping Feng and Zhongbing Huang, Phys. Rev6B 10 328
A.E. Ruckenstein, Phys. Rev. Le@3, 1996(1989. (1998.
1pB. Littlewood, J. Zaanen, G. Aeppli, and H. Monien, Phys. Rev.'®Shiping Feng and Yun Song, Phys. Rev58 642 (1997).
B 48, 487(1993. 193, Kondo and K. Yamaji, Prog. Theor. Phy¥, 807 (1972.
12G. Aeppli, T.E. Mason, S.M. Hayden, H.A. Mook, and J. Kulda, 2°B.O. Wells, Y.S. Lee, M.A. Kastner, R.J. Christianson, R.J. Bir-
Science278, 1432(1997). geneau, K. Yamada, Y. Endoh, and G. Shirane, Sci&¥%&
135, sachdev and J. Ye, Phys. Rev. Lé8, 2411(1992; S. Sach- 1067(1997; Y.S. Lee, R.J. Birgeneau, M.A. Kastner, Y. Endoh,
dev, C. Buragohain, and M. Vojta, Scien286, 2479(1999. S. Wakimoto, K. Yamada, R.W. Erwin, and S.H. Lee, Phys. Rev.
14E. Dagotto, Rev. Mod. Phys56, 763 (1994, and references B 60, 3643(1999.
therein. 2ip L. Feng, N.P. Armitage, D.H. Lu, A. Damascelli, J.P. Hu, P.
5Shiping Feng, Z.B. Su, and L. Yu, Phys. Rev4B 2368(1994); Bogdanov, A. Lanzara, F. Ronning, K.M. Shen, H. Eisaki, C.
Mod. Phys. Lett. B7, 1013(1993. Kim, Z.-X. Shen, J.-i. Shimoyama, and K. Kishio, Phys. Rev.
18D, Arovas and A. Auerbach, Phys. Rev. 38, 316 (1988; D. Lett. 86, 5550(2007).

Yoshioka, J. Phys. Soc. JpB8, 32 (1989; see also, L. Yu, in 22Shiping Feng, Feng Yuan, Zhao-Bin Su, and Lu(Mapublished
Recent Progress in Many-Body Theoriesdited by T.L.  23Ying Liang and Shiping Fengunpublisheit Xianglin Ke, Feng
Ainsworth, C.E. Campbell, B.E. Clements, and E. Krotscheck Yuan, and Shiping Feng, Phys. Rev6B, 134 (2000.

224505-5



