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Dynamics in theS 5 1y2 One-Dimensional AntiferromagnetSr2CuO3 via 63Cu NMR
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The 63Cu nuclear spin-lattice relaxation rate (1yT1) and the Gaussian spin-echo decay rate (1yT2G)
have been measured in the spin 1y2 one-dimensional antiferromagnet Sr2CuO3 (J ­ 2200 K) in
the temperature range from 20 to 280 K. We observed the following temperature dependencies:
1yT1 ­ const and1yT2G ~ 1y

p
T , consistent with scaling theory. The value ofT1

p
TyT2G is also

in good agreement with theoretical prediction. These results provide strong experimental support
for the quantum critical behavior of theS ­ 1y2 1D Heisenberg model at finite temperatures.
[S0031-9007(96)00458-9]

PACS numbers: 75.40.Gb, 76.60.Es
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Recent progress in field theoretical methods and num
cal simulations has significantly improved our understa
ing of low-dimensional quantum antiferromagnets. Ma
efforts have focused on the calculation of the dynamic s
susceptibilityxsq, vd in one-dimensional (1D) Heisenbe
models [1–3]. Half-integer spin chains possess a su
critical nature. Although the antiferromagnetic corre
tion length diverges atT ­ 0, substantial 1D quantum sp
fluctuations suppress the long range order and spin cor
tion shows a power law decay [4,5]. Indeed the field th
retical result forxsq, vd obtained by Schulz [3], which
explains the recent neutron scattering data in KCuF3 quite
well [6], satisfies a scaling relation analogous to what
been proposed for the 2D antiferromagnets at the cri
point where the long range order vanishes [7].

Nuclear magnetic resonance (NMR) experiments p
vide us with useful information on spin dynamics. T
temperature (T ) dependencies of both the spin-lattice
laxation rate (1yT1), which probes the low frequency d
namic susceptibility, and the Gaussian spin-echo decay
(1yT2G), which is given by the static susceptibility, r
flect the scaling behavior of the spin chains. Recen
Sachdev has shown that the scaling theory for half-inte
spin chains leads to the followingT dependencies:1yT1 ­
const and1yT2G ~ 1y

p
T [8]. Recent quantum Mont

Carlo (QMC) calculations by Sandvik [9] support this r
sult for an appropriate range of temperature and hy
fine parameters. Experimentally, nearly constant1yT1 has
been observed at low temperatures in someS ­ 1y2 anti-
ferromagnetic chain compounds [10–12]. The analysi
these results, however, should be reexamined in the lig
current theoretical understanding. Also, to our knowled
no 1yT2G data in spin chains have been reported.

Recent studies [13–15] have shown that Sr2CuO3 has
excellent 1D character. The crystal structure [14] is sim
to La2CuO4, but there is no oxygen between the two cop
neighbor atoms along one direction in the CuO lay
(This direction is defined to be thec axis.) The remaining
in-plane and apical oxygens form linear CuO2 chains
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along theb axis. Thea axis is taken to be the directio
connecting copper and apical oxygen. TheT dependence
of the susceptibility shows good agreement with the ex
calculation for the 1DS ­ 1y2 Heisenberg model [16
with the exchange energyJ ­ 2200 6 200 K [15]. This
is many orders of magnitude larger than the 3D order
temperatureTN ­ 5 K, which has been determined from
muon spin rotation and neutron experiments [13,17].
this paper we report the results of1yT1 and1yT2G for 63Cu
nuclei in theT range from 20 to 280 K, which show goo
quantitative agreement with the scaling theory and QM
calculations. Ishidaet al. [18] have recently reportedT -
independent1yT1 in the isostructural compound Ca2CuO3.

The NMR experiments were performed on a single cr
tal of Sr2CuO3 grown by the traveling-solvent-floating
zone method, followed by annealing in an Ar atmosph
to reduce the impurity Curie term in the susceptibil
[15], which corresponds to a few hundred ppm of fr
S ­ 1y2 impurity spins. Sharp NMR spectra split by th
quadrupole interaction were obtained at room tempera
[19]. We measured1yT1 for 63Cu nuclei by the inversion
recovery method on one of the quadrupole split lines a
magnetic field (H) of 8 T. The relaxation of the nuclea
magnetization over nearly three decades could be fit
suming no distribution in1yT1. From the ratio of1yT1
for the two Cu isotopes, the relaxation process was c
firmed to be magnetic over the whole temperature ran
The spin-echo decay was measured forH k c on one of the
quadrupole split63Cu lines, which was then fit by the form
M0 exps2tyT2L 2 t2y2T 2

2Gd with the value of1yT2L (con-
tribution from the spin-lattice process) determined from
1yT1 data [20]. Good fitting was obtained over more th
two decades. The NMR lines were narrow enough ab
T ­ 60 K to ensure complete inversion by thep pulse
at H ­ 8 T. (The FWHM was less than 70 kHz.) A
lower temperatures, the lines became broader and the
echo decay was measured at 2.2 T with reduced line wi
We confirmed that the results do not depend on the m
netic field.
© 1996 The American Physical Society
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FIG. 1. TheT dependencies of1yT1 for three field directions
(scale on the left axis) and1yT2G for H k c (scale on the right
axis). The1yT1 data forH k c are multiplied by a factor of
5. The dotted line indicates the ln1y2sJyT d dependence with
arbitrary magnitude.

Figure 1 shows theT dependence of1yT1 measured
for three different field directions and1yT2G for H k c.
We observe that1yT1 is nearly constant above 50 K
while 1yT2G increases substantially on cooling. TheT
dependence of1yT2G can be approximated by1y

p
T

as shown in Fig. 2, where
p

TyT2G is plotted against
temperature with solid dots. These results are consis
with the scaling theory as we discuss below.

In the presence of the hyperfine interaction

H ­
X

a,i,j

Aij
a IiaSja sa ­ a, b, or cd (1)
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FIG. 2. The T dependencies of
p

TyT2G (scale on the left
axis) andT2GyT1

p
T (scale on the right axis) both forH k

c. The dotted line indicates the ln1y2sJyTd dependence with
arbitrary magnitude. The solid line shows the result of quant
Monte Carlo calculation for

p
TyT2G by Sandvik without any

adjustable parameters.
nt

m

between a nuclear spin ati site and an electron spin
j site, 1yT1 [21] and 1yT2G [22,23] are given by th
following expressions:

1
T1

­
kBT
h̄2

Z dq
2p

fA2
xsqd 1 A2

ysqdg
Imxsq, v0d

v0
,

(2a)√
1

T2G

!2

­
p

8h̄2

"Z dq
2p

A4
zsqdx2sqd

2

(Z dq
2p

A2
zsqdxsqd

)2#
. (2b)

Here xsq, vd is the dynamic spin susceptibility in uni
of sgmBd2, which we assume to be isotropic,xsqd ­
Rexsq, 0d is the static susceptibility,v0 is the nuclea
Larmor frequency, andAasqd ­

P
j A

ij
a expsiqrijd. Thez

axis is the direction of the external field andp ­ 0.69 is
the abundance of the63Cu isotope. Equation (2b) includ
only contributions from thez component of the indirec
nuclear spin-spin coupling in a static approximation. T
mutual spin-flip process caused by thexy components ca
be neglected in our case because (1) thexy components
are small due to the anisotropy of the hyperfine coup
constant as explained below and (2) a reasonably l
inhomogeneous linewidth (more than 5 times larger t
the homogeneous linewidth) inhibits such a process. S
1yT1 is much smaller than1yT2G for H k c, a static
approximation is valid [20]. We also note that the nucle
dipole contribution to1yT2G is negligible.

It was shown [3,24] thatxsq, vd in the 1D S ­ 1y2
Heisenberg model at low temperatures (TyJ ø 1) satisfies
the following quantum-critical scaling relation for smallv

andq 2 p (p is the antiferromagnetic wave vector):

xsq, vd ­
1
T

x̃

µ
csq 2 pd

T
,

h̄v

T

∂
, (3)

wherec ­ pJy2 is the spin-wave velocity. This relatio
implies that both the inverse antiferromagnetic correla
length and the characteristic frequency of the antiferrom
netic spin fluctuations are proportional toT , a situation also
encountered at the critical point in the 2D antiferrom
nets [7]. The above equations and simple power coun
immediately lead to theT dependencies,1yT1 ~ 1yc ­
const and1yT2G ~ 1y

p
cT , which is in agreement with th

data. These results are in sharp contrast to the behav
classical spin chains (S ­ `), for which theories predic
1yT1 ~ 1yT2G ~ T23y2 [25,26].

In fact, an accurate analytic expression ofx̃ is known
for the 1DS ­ 1y2 Heisenberg model [3,24], from whic
the absolute values of the NMR rates are obtained as

1
T1

­ fA2
xspd 1 A2

yspdg
D
h̄J

, (4a)

1
T2G

­
A2

zspdDI

4h̄

r
p

pkBTJ
, (4b)
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where I ø 8.4425 and D is an unknown constant [27
giving the absolute magnitude ofxsq, vd. We have
replacedAsqd in Eq. (2) by the value atq ­ p since
Imxsq, vd and xsqd are strongly peaked atq ­ p for
TyJ ø 1. The unknown constantD cancels out for the
ratio

T2G

T1
p

T
­

A2
xspd 1 A2

yspd
A2

zspd
4
I

s
pkB

pJ
. (5)

By using Eq. (2a), the anisotropy of the hyperfine c
pling constant can be determined from the anisotrop
1yT1 shown in Fig. 1 ashA2

xspd 1 A2
yspdjyA2

zspd ­ 2s1y
T1dzyhs1yT1dx 1 s1yT1dy 2 s1yT1dzj ­ 0.203 6 0.007 for
H k c. For J ­ 2200 K, the right-hand side of Eq. (5
becomes4.4 3 1023 K21y2. The ratio T2GyT1

p
T for

H k c is plotted in Fig. 2 by open circles. It is in
deed nearlyT independent with the values4.3 4.5d 3

1023 K21y2 in excellent agreement with the calculation
There is a marginally irrelevant operator, however,

the field theory of the 1DS ­ 1y2 Heisenberg mode
[4,5], which leads to a correction to the above sca
behavior. It was shown that the same operator give
logarithmic correction to the uniform susceptibility at lo
temperatures [16], which has indeed been observe
Sr2CuO3 [15]. For the NMR rates, Sachdev [8] has sho
that this correction leads to an identical mulitiplicati
prefactor of ln1y2sLyT d to Eq. (4) for both1yT1 and
1yT2G to the lowest order in1y lnsLyTd, whereL is a
high energy cutoff of the order ofJ. The T dependence
ln1y2sJyT d is shown by the dotted lines in Figs. 1 a
2 with the overall magnitude chosen arbitrarily. It
evident that1yT1 shows much weakerT dependence
than ln1y2sJyTd above 50 K, suggesting that the lowe
order correction is not sufficient. At lower temperatur
a steep increase of1yT1 is observed, which may b
associated with either the marginally irrelevant opera
or the divergence toward 3D ordering atTN ­ 5 K. The
data of

p
TyT2G show somewhat strongerT dependence

than1yT1 but still weaker than ln1y2sJyT d.
So far we have discussed only theT dependence or th

ratios of NMR rates. We now turn to the discussion of
absolute values of the rates, which requires the knowle
of hyperfine coupling constants. Since the tempera
variation of the susceptibility is very small, the NMR sh
(K) is virtually T independent for all directions within th
experimental accuracy of650 ppm (Ka ­ 0.16%, Kb ­
0.18%, andKc ­ 0.82%). The orbital shift and suscept
bility are not known accurately enough to isolate the s
contributions, therefore, the standardK vs x analysis is
not successful. We determined the values ofAspd from a
structure of the NMR spectra observed below 100 K. T
NMR spectra at low temperatures show a broad flat ba
ground with fairly sharp edges on both sides, on top
which a sharp peak is observed [28]. From the anisotr
and theT dependence of this structure, we conclude
this is due to a local staggered magnetization near o
4614
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ends of the spin chains induced by the external fie
This phenomenon was first predicted theoretically by E
gert and Affleck [29]. The edges of the spectra cor
spond to the maximum of the staggered moments loca
at a finite distance from the chain ends. Detailed d
cussions of the NMR spectra are presented elsewh
From the edge positions and the theoretical expres
for the magnitude of the staggered moments [29], we
tained jAaspdjy2h̄gn ­ 62 6 2, jAbspdjy2h̄gn ­ 73 6

3, jAcspdjy2h̄gn ­ 220 6 10 kOe, wheregn ­ 2p 3

1.1285 3 103 sec21 Oe21 is the nuclear gyromagnetic ra
tio. We note that the anisotropies ofAspd thus deter-
minedAbspdyAaspd ­ 1.18, AcspdyAaspd ­ 3.57 are in
good agreement with those estimated from the anisotr
of 1yT1, AbspdyAaspd ­ 1.12, AcspdyAaspd ­ 3.4.

Using the values ofAspd and assuming that Eq. (4a)
correct above 60 K, the unknown constantD is determined
from the experimental data to be 0.15. A theoreti
calculation ofD will provide a further consistency check
Sandvik has recently presented QMC calculations of
NMR rates in the 1DS ­ 1y2 Heisenberg model [9]. The
results depend on the ratioA1yA0, as well as on the value
of J andAaspd, whereA0 andA1 are the anisotropic on
site (i ­ j) and isotropic nearest neighbor (i ­ j 6 1)
coupling, respectively, in the hyperfine Hamiltonian
Eq. (1) [Asqd ­ A0 1 2A1 cosq]. Based on the result tha
A1y2h̄gn ­ 41 6 5 kOe in YBa2Cu3Ox [30], we assume
that in Sr2CuO3 A1y2h̄gn is in the range 30–50 kOe
and the Aasqd’s are negative, leading to the value
the ratioA1yA0

c ­ 20.2 2 0.4. Since the QMC results
depend little onA1yA0 in this range, we can compar
them with the experimental data of1yT1 for H k a or
b and 1yT2G for H k c. For 1yT1, the QMC result
is available only down toT ­ Jy8 ­ 280 K, which is
the highest temperature of our measurements. Using
above values ofJ andAspd, the QMC result atJyT ­ 8
gives the value1yT1 ­ 7.73s7.47d 3 103 sec21 for H k a
(H k b), which is about 40% larger than the experimen
data. For1yT2G , the QMC calculation is expected to b
more accurate and available at lower temperatures.
QMC result for

p
TyT2G (H k c) is shown by the solid

line in Fig. 2. Considering that there are no adjusta
parameters, agreement with the experimental data is
good, although the QMC result shows a slightly strongeT
dependence. [Indeed theT dependence of the QMC resu
is close to ln1y2sJyTd, as shown by the dotted line.]

It has been known that the long wavelength (q , 0)
spin fluctuations in a Heisenberg magnet show d
fusive dynamics at high temperatures, Imxsq, vdy
v ­ xsqdDsq2yhsDsq2d2 1 v2j, whereDs is the spin-
diffusion constant. In 1D such spin diffusion results in
1y

p
H magnetic field dependence of1yT1, which has been

observed insCH3d4NMnCl3 [26,31], which is anS ­ 2y5
Heisenberg chain, and more recently in AgVP2S6 [32],
which is an S ­ 1 Haldane compound. ForS ­ 1y2,
however, Sachdev has shown theoretically [8] that
q , 0 behavior is purely propagating, Imxsq, vdyv ­
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dsv 2 cqdy4h̄c, in the scaling limit. The contribution
of theseq , 0 spin fluctuations to1yT1 was shown to
be negligibly small compared to the contribution fro
overdamped spin waves atq , p ; see Eq. (4a). In real
ity, there should be some damping at finite temperatu
leading to a diffusive behavior for very smallq, but the
spin-diffusion constant is expected to be much larger t
the value for a classical Heisenberg system.

We have measured the magnetic field dependenc
1yT1 for H k c at T ­ 280 and 50 K as shown in Fig. 3
where1yT1 is plotted against1y

p
H. At T ­ 280 K, a

weak field dependence is observed which can be fit by
form 1yT1 ­ a 1 by

p
H. The field dependence becom

even weaker at 50 K. Since the contribution of s
diffusion to1yT1 is expressed as [26]µ

1
T1

∂
sd

­ fA2
xs0d 1 A2

ys0dg
kBTxs0d

2h̄2p2gmBDsH
, (6)

the spin-diffusion constantDs is determined from the slop
of the plot in Fig. 3. At 280 K, whereJxs0dysgmBd2 ­
0.116 [16], we obtainDs ­ 1 3 1016 4 3 1017 sec21.
Although Ds has a large uncertainty due to the ambigu
of the values ofAas0d, it is orders of magnitude larger tha
the classical value expected in the high temperature l
[26] sJyh̄d

p
2pSsS 1 1dy3 ­ 3.6 3 1014 sec21, which is

consistent with the expectation.
In summary, our NMR measurements on a Sr2CuO3

single crystal show good quantitative agreement with
scaling theory of the 1DS ­ 1y2 Heisenberg antiferro
magnet and the quantum Monte Carlo calculations.
contribution from theq , 0 spin diffusion was found to
be very small.
eak
FIG. 3. 1yT1 for H k c is plotted against1y
p

H at two
different temperatures.
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