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170 NMR Study of Undoped and Lightly Hole Doped CuQ, Planes
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Using 7O NMR, we probed the short wavelength excitations in the Cplanes of insulating and
weakly metallic highT, cuprates. We measured the spin wave damping fa§ an1/2 2D quantum
Heisenberg antiferromagnet for the first time. The results establish the nearly free behayiopiotic
freedom of the high energy spin waves, even without long range magnetic order. Light hole doping
dramatically enhances the low energy excitation spectrum below 300 K. [S0031-9007(97)03483-2]

PACS numbers: 76.60.—k, 74.25.Nf, 74.72.—h

The discovery of highT. superconductivity in hole the first time, the magnon dampinb, of theS = 1/2 2D
doped Cu@ planes has focused strong interest on theHeisenberg antiferromagnet at short wavelengths, and test
spin § = 1/2 two-dimensional (2D) Heisenberg antifer- theoretical predictions [5,8]. Moreover, we demonstrate
romagnet,H = J>_S; - S;, whereJ (=1500 K) is the  the progressive evolution of the low-energy quasiparticle
exchange interaction [1]. Previous experimental studiegxcitation spectrum across the insulator-metal transition
of the 2D Heisenberg model ByCu NMR [2] and neu- with hole doping.
tron scattering [3] have concentrated on the sharp peak As an experimental system for the undoped 2D Heisen-
of the dynamical structure factdf(q, w) located at the berg model, eithef’O isotope enriched single crystals,
corners of the first Brillouin zoneQ = (*#7/a,*=m/a), uniaxially aligned powder, or partially aligned powder
where q is the wave vectorw is the frequency, and  samples of SICuG,Cl, [3] were used depending on
is the lattice constant. This antiferromagnetic peak has experimental necessities. We determined the bulk Néel
momentum width~1/¢, the inverse of the spin correla- temperature agsy’ = 257 K based on’>Cl NMR mea-
tion length. Accordingly, these experiments have probedurements, in agreement with Sehal. [10]. The major
the long wavelength propertiex§) nearq = Q. advantage of SCuO,Cl, is that the magnetic anisotropy

On the other hand, virtually nothing is known experi-is so weak (,,/J ~ 107* [3]) that the isotropic 2D
mentally at short wavelengths«(¢) in the paramagnetic Heisenberg behavior is robust even down #@80 K
state, except for the dispersion of the high energy spin exsee Fig. 1 and [3,10]). For the study of lightly hole
citations [4]. In 2D, the high energy spin waves can ex-doped Cu@ planes, we usef O isotope enriched single
ist even without long range magnetic order because of therystals of La_,Sr,CuQ, with x = 0.025 and 0.035 [11].
strong short range spin correlations for< J [1]. Theo- All 7O NMR measurements were conducted for clearly
retically, the renormalization group analysis of the nonlin-resolved NMR transitions with the typical line width 2 to
ear sigma model by Chakravarty, Halperin, and Nelsorl5 KHz.
predicted that the spin waves in the 2D Heisenberg an-
tiferromagnet behave asoninteracting free particlesat
short distance scales even in the paramagnetic state [5].

This intriguing prediction for 2D has a close analogy in

QCD known as thesymptotic freedorof quarks [6] and

is in remarkable contrast to the 3D system, in which the

spin wave excitations are highly damped above the bulk

Néel ordering temperatui®’ [7]. Unfortunately, regard-

less of the strong theoretical interest, many believed that

probing the nature of the short wavelength elementary ex-

citations wasbeyond the current experimental technology

[1,8(a)]. Among the unresolved questions are how these S

spin waves are damped by thermal effects [8] and how 0 010203 040506 07

mobile holes doped in the Cu(lanes contribute to the T/J

elementary excitations [9]. FIG. 1. Temperature dependence of uniform spin suscep-
To shed light on these issues from experiments, we reibility x'(q = 0) (left axis) for S;CuG,Cl, from "Kond

port in this Letter a0 NMR study of magnetic excita- (). " Ka (0). and bulk measurementZ, and for
tions in undoped and lightly hole doped (weakly metallic) -2196: $03sCUQ; from  Kuoa (B). © Cu J/C TiT) mea-
10NS In undop ghtly p y sured by NQR (right axis) is shown for SuG,Cl, (¢, this

CuG, planes of highT, cuprates in an extremely broad work) and LaCuQ; (X, [2]). The solid line shows theoretical
range of temperatur®@ = T/J = 0.5). We deduce, for results based on Eq. (5).

Xlspin (@=0) [10°® cm3/mole]
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In what follows, we will deduce information regarding 400 A
spin waves and electron-hole pair excitations based on T i
the measurements of the nuclear spin-lattice relaxation : nE
rate 1/T,. 1/T, is related toS(q, w) = x"(q, w)/[1 — 3°°;X . { ]
exp(—hw /kpT)], wherey’(q, w) is the imaginary part of E ]

[sec'1 1

[ ]
— s g/
the dynamical electron spin susceptibility, as [12] = 200F o /% ]
- 3 / 1
(7)= 2 Srer@s@on. © T Yegmo ¥ 0
T Mueh g = 100F = waew 3 1
. . [ 3d 1
wherew, is the NMR frequencyy, is the nuclear gyro- S :I;N .Oi ]
magnetic ratio. The quantization axis of our measurements 0 ____4*_,_%;.;_7 - ‘ ]
of 1/T, is along the crystat axis. !7%3F(q) is the wave 0O 01 02 03 04 05
vector dependerityperfine form factof13] T/J
1 17
17F(q)2 — 4(Cgond + Cgerp) Cog(qxa/z) i (2a) FIG. 2. Temperature dependence't® J /(T T) at 9 T for

undoped SICuUG,Cl, (), and doped La.,Sr,CuQy for planar
63 ) ) oxygen sites X = 0.025 A, x = 0.035 H) and apical oxygen
F(q)” = 2{A4 + 2B[codg.a) + codq,a)]}* (2b)  sites ¢ = 0.035, X). We also show theoretical predictions
. for the undoped 2D Heisenberg antiferromagnet by wpin
for the planar'’O [Eq. (2a)] and®Cu [Eq. (2b)] sites. wave theory (solid line, [18]), high™ expansion (dashed line,
The hyperfine interaction tensors,, B, andC,, were de-  [17]), and Monte Carlo[({, [20]).

termined from measurements of the NMR shift and uni-

form susceptibility as described below. The SUbscriptcompletely different dependencies on temperature. Be-

a = bond,c, or perp, refers to the direction of the mag- .., ,se of the critical slowing down of the long wavelength,

netic field, along the Cu-O bond axis, along the crystal, . «tarromaanetic spin fluctuations at=~ 631 /T, for
¢ axis, or perpendicular to both the bond anduxis, re- g P at= Q. " 1/T:

: f ) ) , the undoped 2D Heisenberg antiferromagnet diverges ex-
spectively. Since&(q, w) is the space-time Fourier trans- ponentially towardT = 0 (= 72P) following 31/T; ~
form of the_ spin-spin correlation function, and the NMR T'Sexp(1.13J/T) [2,18]. Light hole doping mildly sup-
frequency is very low fw,/ks ~ 1 mK), 1/T) probes  oqseq the divergent behavior [2]. On the other hand,
the g summation of the low energy part of the elemen'since”F(q — Q) =0, 71/T, is insensitive to the long
tary excitation spectrum, or slow spin dynamics. In Fig. 1’Wavelength critical d’ynamics aroungl = Q [13], and
we present the uniform spin susceptibilipf(q = 0) de- enses the short wavelength modg& < q < (’2) of
duced from the measurements of bulk susceptibility an@w — 1/2 Cu spin fluctuations. Alsé®Y 1/7; as reported
70 NMR shifts [14], by Ohnoet al. [19] for YBa,Cu;Oq should be sensitive to

2Co  , . the short wavelength spin fluctuations and appears to be
m x'(q = 0) + Ko chem - (3) qualitatively consistent with this picture over their limited
_ . . _temperature range.
"Kachem is the temperature independent chemical shift, According to the renormalization group analysis, the
and determined in YB& 50 63 to be 0.04% for the Cu-  elementary excitations at short wavelengths in 2D Heisen-
O bond axis ¢ = bond) [15]. AtT/J > 0.35, we also  berg antiferromagnets are spin waves with asymptotic
deducedy’(q = 0) from ®*Cu NMR shifts®*K,;, in the  freedom [5]. This property allowed Chakravagyal. to
ab plane by matching the results withKyonq between use a spin wave expansion to calculdte/T; at Ty <
425 and 550 K. We also found that the anisotropy off « J as [18,20]
7K in SL,CuO,Cl, and La—, Sr, CuQ, (not shown) is very ) ;
close to that in YBaCuw; O, [15]. Applying the standard 17<L> - 277(; a <E> [1 + C(2)< r > + O(Tz)}

3h%c \hc 2 \2 ’

g —
o

K-y plot analysis [14] to SICuG,Cl,, we determined T, TPs

Chona = 83 £ 7, C. =40 £ 4, Cperp = 53 = 11 kOe/ (€]

mp. We also obtained,,, = 31 * 45, A, = —84 *+ 36,

B =37 + 8 kOe/ g, and® Ky chem = 0.27%. where ¢ = \/2Z.Ja/h is the spin wave velocity with
In Figs. 1 and 2, we present the results®f/(T,7) Z. =~ 1.18, and Y ~ —1.88 [20]. This theoretical

and '71/(T,T) measured for thé3Cu and 'O sites. prediction is shown in Fig. 2 (solid line) together with a
To facilitate the quantitative comparison possible be-high temperature expansion (dashed line) by Singh and
tween S§CuO,Cly (J2122 = 1450 K [16]) and Sr-doped Gelfand [17] and Monte Carlo results (open squares)
La,CuQy (J214 = 1530 K [4]) independent of slightly dif- by Sandvik and Scalapino [21]. These parameter-free
ferent values of/, the values ofl /(T,T) are multiplied theoretical predictions agree well with our data.

by J, because at finite temperaturég(7,7T) o« 1/J [17]. Our results of'71/T; indicate that free spin waves are
The most striking feature is that1/7; and®1/7T, show indeed a good description of the quasiparticle excitations
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at short wavelengths even @t = Ti’. Then, we can within the error bars). Essentially, we are measuring the
deduce the effective thermal dampiRgpf the spin waves dampingI” by the fact that the size of the tail gf’(q, w)
at finite temperatures frofi1/7T, as follows. For damped atw = w, = 0is determined by the energy widih For

spin waves, we can expregd(q, w) as the short wavelength region, the contributiont to/(7,T)
is « I'. We note that the deviation of(q, @) from
x"(q, 0) = X’(Q)< wl'(q) the Lorentzian form of Eq. (5) can change our estimate
[0 — w(@)] + I'(g)? of the magnitude of" [25], but this does not affect the

wl'(q conclusions of this paper.
I'(q) (5) lusi f thi
[w + w(q) + I'(q)?/’ We plot the temperature dependencd’afeduced from
Eq. (5) in Fig. 3. We emphasize two key findings. First,
where w(q) = ZJZC\/l — [cosg,a) + codg,a)?/4 is  the dampingl is smaller than the highest excitation en-
the spin wave dispersions{w,), and I'(q) represents ergy w(q) = 0.3 eV [4] of the short wavelength magnons
the spin wave damping [4,8]. Thg dependence of in the entire temperature range we studied. This observa-

Y'(q) is known analytically [22], and we normalize tion establishes that magnons are well defined (long life-
the absolute value of’(g) using 'Ehe results in Fig. 1. time) elementary excitations for short wavelengths even

Then the only unknown parameter in Eq. (1) i§q). " the paramagnetic state upTo~ 0.4/ in § = 1/2 2D
However, Monte Carlo results by Makivic and Jarrell qUantum Heisenberg antiferromagnets. Second, the value
[8(c)] and analytic results by Kopietz [8(b)] indicate that of I' is in good agreement with theoretlcal _predlct|ons
I'(q) shows litle dependence on the wave veagoin ~ Pased on low temperature analytic calculations, ~
most of the Brillouin zone except neaf = 0 and Q.  3/(7/J)" [8(b)], and high temperature Monte Carlo

Therefore, we lef’(q) = ' be independent of except ~Simulations [8(c)]. =

for the regions near = 0 and Q, and consider” as Next, we would like to address a_not_her fundamental
the wave vector averaged damping at short Wavelengthg.uesuon: how do _the elementary excitations evolve when
The q dependence of'(q) used for the calculation is W& dope holes into the CuOplanes and transform
shown schematically in the inset to Fig. 3. Napr= the system to metaII_|c behavior? _The measurement
Q where the dynamical scaling form of the dampingOf 71/T, is best suited to answering this question,

¥(q) [23] satisfiesy(q) < I', we letI'(q) = y(q). This becausg”O NMR is efficient in probing the electron-
guarantees thathe same form ofy”(q, ») used to fit hole pair excitations at the Fermi surface, wtifd /T,

71T, reproduces the low temperature behavior< J) is dominated' by the diyergently large, long wavelength
of ©1/T, as shown in Fig. 1, consistent with the earlier1C70”eCt'Ve spin dynamics ag ~ Q. The results of
finding for LaaCuQ, [2]. For the region neaq = 0, we 1/(T,T) in hole doped La ,Sr.CuQ, are compared
neglect the contribution from < 1/& [24]. Monte Carlo  With the results of undoped SCuO,Cl, in Fig. 2. At
calculations by Sandvik and Scalapino [21] indicate thathese doping levels, previous studies established that the

this contribution is<25% atT = 0.5/ and decreases with 'eSistivity is linear in temperature down 1, (<300 K)
lowering temperature<10% at T = 0.4J). Including [26:27], where holes begin to localize, followed by the
this contribution would lower our calculated value of SPin-glass transition &, (=10 K) [28]. We identified
the dampingl” by the amount of the contribution (but IY;IOC as=250 Kfrom.the onset of t_he dramatic increase of
1/T) apex @t the apical oxygen sites. Atg, 71/T apex
L AR I ‘ diverged (see Fig. 2 for the results observed for=

120f 0.035). In what follows, we will focus our attention on
1
] the temperature dependence '6t/(T,T) at the planar
9 site aboveT,., where carriers are mobile and resistivity
] is roughly proportional to temperature.
The temperature dependence '6f/(T,T) is surpris-
ingly similar for the undoped and lightly hole doped

samples, but with a weakly temperature dependent in-

[meV]

80

r
T
== il o
——®s— 0o
Il

40F

] T.3d % 1 crease of’1/(T,T) for the doped samples. We estimate
L ¢N 3t 1 this increase as'’1/(TT).-» = 0.05-0.065 sec ! K~!
R and 0.06-0.085 sec 'K~ for x = 0.025 and 0.035,
0 ' ‘ respectively. It is also interesting to recall that Reven

0 200 400 600 800
T K] et al. observed’1/(T,T) = 0.4 sec 'K ' atT = 300 K

) _in optimally doped LagsSry.15sCuQy [29]. The increase in
FIG. 3. Temperature dependence of the spin wave damplngyl/(TlT) appears to be proportional to the amount of hole

I' (¢). The solid line indicates a low temperature expansion . . .
Jdopingx. Angle resolved photo emission experiments for

of Makivic and Jarrell [0) [8(c)]. The inset shows theg  undoped SICuG,Cl, by Wellset al. show that the highest
dependence of (q) used in Eq. (5). occupied band is peaked@t= (=7/2a, =7 /2a) = Q/2
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