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17O NMR Study of Undoped and Lightly Hole DopedCuO2 Planes
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Using 17O NMR, we probed the short wavelength excitations in the CuO2 planes of insulating and
weakly metallic highTc cuprates. We measured the spin wave damping for anS ­ 1y2 2D quantum
Heisenberg antiferromagnet for the first time. The results establish the nearly free behavior (asymptotic
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
h

-

e

n

i

h
u

h
e

o

c

st
e
e
n

-

el

y

p-
The discovery of highTc superconductivity in hole
doped CuO2 planes has focused strong interest on t
spin S ­ 1y2 two-dimensional (2D) Heisenberg antifer
romagnet,H ­ J

P
Si ? Sj , where J (ø1500 K) is the

exchange interaction [1]. Previous experimental stud
of the 2D Heisenberg model by63Cu NMR [2] and neu-
tron scattering [3] have concentrated on the sharp pe
of the dynamical structure factorSsq, vd located at the
corners of the first Brillouin zone,Q ­ s6pya, 6pyad,
where q is the wave vector,v is the frequency, anda
is the lattice constant. This antiferromagnetic peak ha
momentum width,1yj, the inverse of the spin correla
tion length. Accordingly, these experiments have prob
the long wavelength properties (*j) nearq ­ Q.

On the other hand, virtually nothing is known exper
mentally at short wavelengths (øj) in the paramagnetic
state, except for the dispersion of the high energy spin
citations [4]. In 2D, the high energy spin waves can e
ist even without long range magnetic order because of
strong short range spin correlations forT ø J [1]. Theo-
retically, the renormalization group analysis of the nonli
ear sigma model by Chakravarty, Halperin, and Nels
predicted that the spin waves in the 2D Heisenberg a
tiferromagnet behave asnoninteracting free particlesat
short distance scales even in the paramagnetic state
This intriguing prediction for 2D has a close analogy
QCD known as theasymptotic freedomof quarks [6] and
is in remarkable contrast to the 3D system, in which t
spin wave excitations are highly damped above the b
Néel ordering temperatureT3d

N [7]. Unfortunately, regard-
less of the strong theoretical interest, many believed t
probing the nature of the short wavelength elementary
citations wasbeyond the current experimental technolog
[1,8(a)]. Among the unresolved questions are how the
spin waves are damped by thermal effects [8] and h
mobile holes doped in the CuO2 planes contribute to the
elementary excitations [9].

To shed light on these issues from experiments, we
port in this Letter an17O NMR study of magnetic excita-
tions in undoped and lightly hole doped (weakly metalli
CuO2 planes of highTc cuprates in an extremely broad
range of temperature (0.2 # TyJ # 0.5). We deduce, for
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the first time, the magnon damping,G, of theS ­ 1y2 2D
Heisenberg antiferromagnet at short wavelengths, and te
theoretical predictions [5,8]. Moreover, we demonstrat
the progressive evolution of the low-energy quasiparticl
excitation spectrum across the insulator-metal transitio
with hole doping.

As an experimental system for the undoped 2D Heisen
berg model, either17O isotope enriched single crystals,
uniaxially aligned powder, or partially aligned powder
samples of Sr2CuO2Cl2 [3] were used depending on
experimental necessities. We determined the bulk Né
temperature asT3d

N ­ 257 K based on35Cl NMR mea-
surements, in agreement with Suhet al. [10]. The major
advantage of Sr2CuO2Cl2 is that the magnetic anisotropy
is so weak (JxyyJ , 1024 [3]) that the isotropic 2D
Heisenberg behavior is robust even down toø280 K
(see Fig. 1 and [3,10]). For the study of lightly hole
doped CuO2 planes, we used17O isotope enriched single
crystals of La22xSrxCuO4 with x ­ 0.025 and 0.035 [11].
All 17O NMR measurements were conducted for clearl
resolved NMR transitions with the typical line width 2 to
15 KHz.

FIG. 1. Temperature dependence of uniform spin susce
tibility x 0sq ­ 0d (left axis) for Sr2CuO2Cl2 from 17Kbond
(h), 63Kab (s), and bulk measurement (n), and for
La1.965Sr0.035CuO4 from 17Kbond (j). 63Cu Jys63T1Td mea-
sured by NQR (right axis) is shown for Sr2CuO2Cl2 (¶, this
work) and La2CuO4 (3, [2]). The solid line shows theoretical
results based on Eq. (5).
© 1997 The American Physical Society 171
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In what follows, we will deduce information regarding
spin waves and electron-hole pair excitations based
the measurements of the nuclear spin-lattice relaxat
rate 1yT1. 1yT1 is related toSsq, vd ­ x 00sq, vdyf1 2

exps2h̄vykBT dg, wherex 00sq, vd is the imaginary part of
the dynamical electron spin susceptibility, as [12]

17,63
µ

1
T1

∂
­

17,63g2
n

m
2
Bh̄

X
q

17,63Fsqd2Ssq, vnd , (1)

wherevn is the NMR frequency,gn is the nuclear gyro-
magnetic ratio. The quantization axis of our measureme
of 1yT1 is along the crystalc axis. 17,63Fsqd is the wave
vector dependenthyperfine form factor[13]

17Fsqd2 ­ 4sC2
bond 1 C2

perpd cos2sqxay2d , (2a)

63Fsqd2 ­ 2hAab 1 2Bfcossqxad 1 cossqyadgj2 (2b)

for the planar17O [Eq. (2a)] and63Cu [Eq. (2b)] sites.
The hyperfine interaction tensors,Aa , B, andCa, were de-
termined from measurements of the NMR shift and un
form susceptibility as described below. The subscrip
a ­ bond,c, or perp, refers to the direction of the mag
netic field, along the Cu-O bond axis, along the cryst
c axis, or perpendicular to both the bond andc axis, re-
spectively. SinceSsq, vd is the space-time Fourier trans
form of the spin-spin correlation function, and the NMR
frequency is very low (̄hvnykB ø 1 mK), 1yT1 probes
the q summation of the low energy part of the elemen
tary excitation spectrum, or slow spin dynamics. In Fig.
we present the uniform spin susceptibilityx 0sq ­ 0d de-
duced from the measurements of bulk susceptibility a
17O NMR shifts [14],

17Ka ­
2Ca

NAmB
x 0sq ­ 0d 117Ka,chem . (3)

17Ka,chem is the temperature independent chemical shi
and determined in YBa2Cu3O6.63 to be 0.04% for the Cu-
O bond axis (a ­ bond) [15]. At TyJ . 0.35, we also
deducedx 0sq ­ 0d from 63Cu NMR shifts 63Kab in the
ab plane by matching the results with17Kbond between
425 and 550 K. We also found that the anisotropy
17K in Sr2CuO2Cl2 and La22xSrxCuO4 (not shown) is very
close to that in YBa2Cu3Ox [15]. Applying the standard
K-x plot analysis [14] to Sr2CuO2Cl2, we determined
Cbond ­ 83 6 7, Cc ­ 40 6 4, Cperp ­ 53 6 11 kOey
mB. We also obtainedAab ­ 31 6 45, Ac ­ 284 6 36,
B ­ 37 6 8 kOeymB, and63Kab,chem ­ 0.27%.

In Figs. 1 and 2, we present the results of631ysT1T d
and 171ysT1T d measured for the63Cu and 17O sites.
To facilitate the quantitative comparison possible b
tween Sr2CuO2Cl2 (J2122 ­ 1450 K [16]) and Sr-doped
La2CuO4 (J214 ­ 1530 K [4]) independent of slightly dif-
ferent values ofJ, the values of1ysT1T d are multiplied
by J, because at finite temperatures,1ysT1T d ~ 1yJ [17].
The most striking feature is that171yT1 and631yT1 show
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FIG. 2. Temperature dependence of17O Jys17T1Td at 9 T for
undoped Sr2CuO2Cl2 (≤), and doped La22xSrxCuO4 for planar
oxygen sites (x ­ 0.025 m, x ­ 0.035 j) and apical oxygen
sites (x ­ 0.035, 3). We also show theoretical predictions
for the undoped 2D Heisenberg antiferromagnet by lowT spin
wave theory (solid line, [18]), highT expansion (dashed line,
[17]), and Monte Carlo (h, [20]).

completely different dependencies on temperature. B
cause of the critical slowing down of the long wavelength
antiferromagnetic spin fluctuations atq ø Q, 631yT1 for
the undoped 2D Heisenberg antiferromagnet diverges e
ponentially towardT ­ 0 (­ T 2D

N ) following 631yT1 ø
T 1.5 exps1.13JyT d [2,18]. Light hole doping mildly sup-
presses the divergent behavior [2]. On the other han
since17Fsq ­ Qd ­ 0, 171yT1 is insensitive to the long
wavelength critical dynamics aroundq ­ Q [13], and
senses the short wavelength mode (1yj & q , Q) of
S ­ 1y2 Cu spin fluctuations. Also,89Y 1yT1 as reported
by Ohnoet al. [19] for YBa2Cu3O6 should be sensitive to
the short wavelength spin fluctuations and appears to
qualitatively consistent with this picture over their limited
temperature range.

According to the renormalization group analysis, the
elementary excitations at short wavelengths in 2D Heise
berg antiferromagnets are spin waves with asymptot
freedom [5]. This property allowed Chakravartyet al. to
use a spin wave expansion to calculate171yT1 at TN ,

T ø J as [18,20]

17
µ

1
T1

∂
­

2pC2a
3h̄2c

µ
Ta
h̄c

∂3∑
1 1 Cs2d

o

µ
T

2prs

∂
1 OsT 2d

∏
,

(4)

where c ­
p

2 ZcJayh̄ is the spin wave velocity with
Zc ø 1.18, and C

s2d
o ø 21.88 [20]. This theoretical

prediction is shown in Fig. 2 (solid line) together with a
high temperature expansion (dashed line) by Singh an
Gelfand [17] and Monte Carlo results (open squares
by Sandvik and Scalapino [21]. These parameter-fre
theoretical predictions agree well with our data.

Our results of171yT1 indicate that free spin waves are
indeed a good description of the quasiparticle excitation
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at short wavelengths even atT * T 3d
N . Then, we can

deduce the effective thermal dampingG of the spin waves
at finite temperatures from171yT1 as follows. For damped
spin waves, we can expressx 00sq, vd as

x 00sq, vd ­ x 0sqd
µ

vGsqd
fv 2 vsqdg2 1 Gsqd2

1
vGsqd

fv 1 vsqdg2 1 Gsqd2

∂
, (5)

where vsqd ­ 2JZc

q
1 2 fcossqxad 1 cossqyadg2y4 is

the spin wave dispersion (¿vn), and Gsqd represents
the spin wave damping [4,8]. Theq dependence of
x 0sqd is known analytically [22], and we normalize
the absolute value ofx 0sqd using the results in Fig. 1.
Then the only unknown parameter in Eq. (1) isGsqd.
However, Monte Carlo results by Makivic and Jarrell
[8(c)] and analytic results by Kopietz [8(b)] indicate that
Gsqd shows little dependence on the wave vectorq in
most of the Brillouin zone except nearq ­ 0 and Q.
Therefore, we letGsqd ­ G be independent ofq except
for the regions nearq ­ 0 and Q, and considerG as
the wave vector averaged damping at short wavelength
The q dependence ofGsqd used for the calculation is
shown schematically in the inset to Fig. 3. Nearq ­
Q where the dynamical scaling form of the damping
gsqd [23] satisfiesgsqd , G, we let Gsqd ­ gsqd. This
guarantees thatthe same form ofx 00sq, vd used to fit
171yT1 reproduces the low temperature behavior (T ø J)
of 631yT1 as shown in Fig. 1, consistent with the earlier
finding for La2CuO4 [2]. For the region nearq ­ 0, we
neglect the contribution fromq , 1yj [24]. Monte Carlo
calculations by Sandvik and Scalapino [21] indicate tha
this contribution is&25% atT ­ 0.5J and decreases with
lowering temperature (&10% at T ­ 0.4J). Including
this contribution would lower our calculated value of
the dampingG by the amount of the contribution (but

FIG. 3. Temperature dependence of the spin wave dampin
G (≤). The solid line indicates a low temperature expansion
by Kopietz [8(b)], and the squares show Monte Carlo result
of Makivic and Jarrell (h) [8(c)]. The inset shows theq
dependence ofGsqd used in Eq. (5).
s.

t
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within the error bars). Essentially, we are measuring th
dampingG by the fact that the size of the tail ofx 00sq, vd
atv ­ vn ø 0 is determined by the energy widthG. For
the short wavelength region, the contribution to171ysT1T d
is ~ G. We note that the deviation ofx 00sq, vd from
the Lorentzian form of Eq. (5) can change our estimat
of the magnitude ofG [25], but this does not affect the
conclusions of this paper.

We plot the temperature dependence ofG deduced from
Eq. (5) in Fig. 3. We emphasize two key findings. First
the dampingG is smaller than the highest excitation en
ergyvsqd ø 0.3 eV [4] of the short wavelength magnons
in the entire temperature range we studied. This observ
tion establishes that magnons are well defined (long life
time) elementary excitations for short wavelengths eve
in the paramagnetic state up toT ø 0.4J in S ­ 1y2 2D
quantum Heisenberg antiferromagnets. Second, the va
of G is in good agreement with theoretical prediction
based on low temperature analytic calculations,h̄G ,
3JsTyJd3 [8(b)], and high temperature Monte Carlo
simulations [8(c)].

Next, we would like to address another fundamenta
question: how do the elementary excitations evolve whe
we dope holes into the CuO2 planes and transform
the system to metallic behavior? The measureme
of 171yT1 is best suited to answering this question
because17O NMR is efficient in probing the electron-
hole pair excitations at the Fermi surface, while631yT1
is dominated by the divergently large, long wavelengt
collective spin dynamics atq ø Q. The results of
171ysT1Td in hole doped La22xSrxCuO4 are compared
with the results of undoped Sr2CuO2Cl2 in Fig. 2. At
these doping levels, previous studies established that t
resistivity is linear in temperature down toTloc (,300 K)
[26,27], where holes begin to localize, followed by the
spin-glass transition atTsg (ø10 K) [28]. We identified
Tloc asø250 K from the onset of the dramatic increase o
171yT1,apex at the apical oxygen sites. AtTsg, 171yT1,apex

diverged (see Fig. 2 for the results observed forx ­
0.035). In what follows, we will focus our attention on
the temperature dependence of171ysT1T d at the planar
site aboveTloc, where carriers are mobile and resistivity
is roughly proportional to temperature.

The temperature dependence of171ysT1T d is surpris-
ingly similar for the undoped and lightly hole doped
samples, but with a weakly temperature dependent i
crease of171ysT1T d for the doped samples. We estimate
this increase as171ysT1T de-h ­ 0.05 0.065 sec21 K21

and 0.06 0.085 sec21 K21 for x ­ 0.025 and 0.035,
respectively. It is also interesting to recall that Reve
et al. observed171ysT1T d ø 0.4 sec21 K21 atT & 300 K
in optimally doped La1.85Sr0.15CuO4 [29]. The increase in
171ysT1Td appears to be proportional to the amount of hol
dopingx. Angle resolved photo emission experiments fo
undoped Sr2CuO2Cl2 by Wellset al. show that the highest
occupied band is peaked atq ­ s6py2a, 6py2ad ­ Qy2
173
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with a bandwidth s2.2 6 0.5dJ [30]. Therefore, the
simplest interpretation is that the electron-hole pa
(Stoner) excitations with wave vectors,s0, 0d, s6pya, 0d,
s0, 6pyad, s6pya, 6pyad, connecting the hole pockets
at Qy2 give rise to an additional contribution to171ysT1T d
without changing the spin wave contribution. Howeve
our calculations based on the rigid band picture show
that the Stoner continuum is very close to the spin wa
dispersion over most of the Brillouin zone except nea
q ­ s6pya, 0d and s0, 6pyad because the width of the
spin wave dispersionø2.36J is within experimental error
equal to the bandwidth. The conventional wisdom fo
the spin waves in metals is that the electron-hole pa
excitations damp the spin waves if the dispersion of th
spin wave merges into the Stoner continuum [31]. Th
suggests that the magnons and the electron-hole pair e
tations will interact strongly, perhaps resulting in comple
renormalization of the damping,Gsqd. We note that the
temperatureT and dopingx dependence of171ysT1T d
is quite similar to that of1yjsT , xd observed by Keimer
et al. [27]. Knowing that171ysT1Td ~ G, this suggests
that the renormalized quasiparticle damping,GsT , xd, is
related tojsT , xd asGsT , xd ~ cyjsT , xd.

To summarize, we deduced the effective dampingG

of the short wavelength magnons of theS ­ 1y2 2D
Heisenberg antiferromagnet in a broad range of tempe
ture (0.2 # TyJ # 0.5), contrary to the prevailing per-
ception in the community thatG was not measurable
with current technology. Our results establish the asym
totic freedom of paramagnetic spin waves in 2D, an
the temperature dependence of the damping. The lo
energy excitations in the hole doped, weakly metall
CuO2 planes show a similar temperature dependence
the undoped sample, but with a weakly temperature d
pendent increase from the addition of electron-hole pa
excitations. We suggest that the spin waves may inter
strongly with electron-hole pair excitations.
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