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Field-induced staggered magnetization near impurities in theS5 1
2 one-dimensional

Heisenberg antiferromagnet Sr2CuO3
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~Received 15 January 1997!

We report an impurity effect in the spin-12 one-dimensional Heisenberg antiferromagnet Sr2CuO3. The
63Cu NMR spectra develop a broad background with sharp edges at low temperatures. The anisotropy and the
temperature dependence of this structure indicate that the external magnetic field induces local staggered
magnetization near impurities, whose spatial extent grows with decreasing temperature. The results are in good
agreement with the theoretical prediction by Eggert and Affleck for a semi-infinite spin chain with an open end.
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Impurity effects in quantum spin chains with a sing
ground state have attracted recent interest, since even a
magnetic defect may disturb the correlated ground state
the bulk in a subtle manner and locally restore magn
behavior. A good example is the extra spin-1/2 degree
freedom localized near an open end of an integer-s
Heisenberg chain, which has an excitation gap~Haldane gap!
in the bulk.1 Also it has been observed that only a few pe
cent of nonmagnetic impurities in the spin-Peierls mate
CuGeO3 induce long-range magnetic order.2,3

The case of half-integer-spin Heisenberg chains has b
considered by Eggert and Affleck.4–6 From field-theoretical
and Monte Carlo calculations, they found that the local s
ceptibility near an open end of a semi-infinite chain ha
large alternating component. This means that a uniform m
netic field will induce local staggered magnetization near
end. The staggered moment has a maximum at a finite
tance from the end, which increases as 1/T with decreasing
temperature.5 Such a long-range disturbance near a chain
is a manifestation of the critical nature of half-integer-sp
chains whose correlation length diverges atT50, yet there is
no long-range order. An analogy to other impurity proble
such as the Kondo effect and the tunneling in on
dimensional wires has been also pointed out.4,6 Thus experi-
mental confirmation of such an exotic impurity effect in
quantum many-body system should be important. In this
per we report observation of the field-induced stagge
magnetization near impurities in Sr2CuO3 by

63Cu nuclear
magnetic resonance~NMR! experiments.

Recent studies have shown that the static7–10 and
dynamic11,12 properties of Sr2CuO3 are well described by a
spin-1/2 one-dimensional~1D! Heisenberg model. The rati
of the intrachain exchangeJ522006200 K, obtained from
susceptibility data,10 to the 3D ordering temperatureTN55
K, determined by muon7 and neutron experiments,13 is larger
than any other material.14 Single crystals of Sr2CuO3 were
grown by the traveling-solvent-floating-zone method. T
susceptibility of as-grown crystals shows a low-temperat
Curie term corresponding to about 0.1% spin-1/2 impuriti
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which are reduced by subsequent annealing in an Ar at
sphere down to 130–200 ppm.10 This indicates that the
dominant source of impurities in this material is the inters
tial excess oxygen. The NMR spectra reported here w
obtained on an Ar-annealed crystal by integrating the sp
echo signal with a boxcar averager at a fixed frequency w
sweeping the magnetic field. The same crystal was use
the previous measurements of nuclear relaxation rates.11 In-
tentional impurity doping has not been successful so far
the following, we first describe the theoretical prediction f
the NMR spectra and then present the experimental resu

The inset of Fig. 1 shows the Monte Carlo result for t
local spin susceptibilityx( l ) in units of (gmB)

2/J at
T5J/15 as a function of distancel from the open end ob-
tained by Eggert and Affleck.5 Using a field-theoretical tech
nique valid at low temperatures (T!J), they also obtained a
simple analytic expression forx( l ), which consists of the
uniform and alternating parts5

FIG. 1. Distribution function, Eq.~5!, of the local susceptibility
x( l ) which is equivalent to the NMR spectrum. The uniform part
x( l ) is omitted. In the inset is plottedx( l ) as a function of the
distancel from the chain end atT5J/15. Dots and lines are the
Monte Carlo ~Ref. 5! and the analytic results@Eq. ~2! with
a50.58#, respectively.
14 129 © 1997 The American Physical Society
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x~ l !5xu~ l !1~21! lxalt~ l !. ~1!

While xu( l ) is nearly constant with a value close to the bu
susceptibility, the alternating part is given by

xalt~ l !5
aJ

v
l

A~v/pT!sinh~2pTl/v !
, ~2!

wherev5pJ/2 is the spin-wave velocity. This result, show
by the solid line in the inset of Fig. 1 forT5J/15, agrees
with the Monte Carlo result if the constanta is chosen to be
0.58, except for a shift of a few sites. A distinct feature
thatxalt( l ) shows a maximum

xalt, max50.137AJ/T ~3!

at l50.48J/T and decreases exponentially for largerl .
Such alternating~staggered! magnetization can be de

tected by broadening of NMR spectra. The hyperfine int
action

H5 (
a,i ,l

Aa
i2 l I iaSla~a5x, y, or z!, ~4!

between a nuclear spin at thei th site and an electron spin a
the l th site, causes a shift of the resonance field,

Ki5~ge /gn!(
l
Az
i2 lx~ l !/J

'~ge /gn!@Az~0!xu1Az~p!xalt~ i !#/J, ~5!

wheregn (ge) is the nuclear~electron! gyromagnetic ratio,
A(q)5( lA

leiql is the Fourier component of the hyperfin
coupling constant, andz is the direction of the magneti
field. Since the range ofAi2 j in magnetic insulators is un
likely to go beyond the first neighbors and much shorter th
the distance over which significant changes occur inxalt( l ) at
low temperatures, we used the approximati
x( l )'xu1exp(ipl)xalt( i ) in Eq. ~5!. The NMR spectrum
represents the distribution function ofKi , which is equiva-
lent to xalt apart from the uniform shift. Figure 1 shows th
calculated distribution function

g~x!5(
l
f $x2~21! lxalt~ l !%, ~6!

using Eq.~2!, where f is chosen to be a Lorentzian wit
small width ~0.05! to makeg(x) a smooth curve and th
summation is taken up tol5450. It shows a distinct shap
with a sharp center peak on top of a broad background.
tice that the maximum inxalt gives rise to peaks at the edg
of the background, whose separation varies as 1/AT.

We now turn to the experimental results. Figure 2 sho
the NMR spectra at different temperatures with the magn
field along thea axis ~see the crystal structure in the inse!.
Only the center lines of the quadrupolar split spectra
shown. A sharp single peak observed at 200 K gets bro
ened at lower temperatures. In addition to this central pea
broad background with sharp edges becomes clearly vis
at low temperatures. Both the intensity and the width,
noted asDH in Fig. 2, of the background grow with decrea
ing temperature. The spectrum at 30 K shows two disti
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features in addition to this background: the splitting of t
central peak (dH) and the shoulders on both side of the pe
(DH).15 Similar spectra were obtained forHib.

Figure 3 shows the spectra forHic. All three quadrupolar
split lines are shown. Common features with the spectra
Hia such as the broadening of the central peaks, the ba
ground with clear edges, and the shoulder structure are
served. By taking spectra for several field directions in
ac plane, we confirmed that the positions of the edges
shoulders move smoothly and that bothDH andDH show a
simple cos2u angular dependence. However, the spectrum
30 K shows a very sharp peak~a few mT wide! on top of the
broadened central peak, in contrast to the splitting obser
for Hia andb. The intensity of this sharp peak, however,
only about 0.1% of the total integrated intensity.

Since the spectra in an infinite periodic spin chain sho
be a single line, whose width is determined by the dynam
relaxation rates (1/T1 and 1/T2) and is of the order of mT in
this material,11 any broadening or additional structure at lo
temperatures must be due to spatial variation ofx( l ) near
impurities including chain ends.17 Indeed the shape of th
observed background resembles the spectra in Fig. 1 ca

FIG. 2. The63Cu NMR spectra forHia at 86 MHz. The inset
shows the crystal structure of Sr2CuO3.

FIG. 3. The63Cu NMR spectra forHic at 86 MHz. The peak at
7.76 T in the 60 K spectrum is due to Al2O3 contained in the NMR
probe.
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lated for a chain end. We first focus on this broad ba
ground, in particular on its anisotropy and temperature
pendence.

From the spectra for three different field directions, t
anisotropy ofDH is obtained as

DHa :DHb :DHc51:1.1660.03:3.7360.05, ~7!

which is independent of temperature~see Fig. 4!. This result
is nearly identical to the anisotropy of the hyperfine coupl
to the staggered magnetizationAa(p), which has been de
termined by the anisotropy of the nuclear spin-lattice rel
ation rates 1/T1,

11,16

uAa~p!u:uAb~p!u:uAc~p!u51:1.1260.03:3.3460.04.
~8!

This fact indicates thatthe broad background is due to hy
perfine coupling to local staggered magnetizationas ex-
pressed by Eq.~5!. Even the small discrepancy between E
~7! and~8! is consistent with approximately 10% anisotro
of the g value of Cu ions expected from crystal fie
effects.18 Direct dipolar coupling to possible dilute impurit
spins should be more isotropic.

In Fig. 4 is plotted the normalized width of the bac
groundDHa/2H0 (H0 is the field at the central peak! multi-
plied byAT as a function of temperature. It is independent
temperature, which is consistent with the theoretical pred
tion of Eq. ~3!. We emphasize that the 1/AT dependence o
DH is unique and distinguished from conventional Curie b
havior, which is expected for broadening due to isolated
purity spins. The integrated intensity of the background n
malized by the total intensity represents the ratio of
spatial extent of the staggered magnetization to the ave
half chain length. As shown by the dots in the inset of Fig.
it varies as 1/T, consistent with the result~open circles! for
the spectra in Fig. 1 calculated for the half chain length
450. Since the slope of this plot for the calculated spectr
about twice as large as that for the experimental data,
estimate the average chain length to be 18006 500. It is not

FIG. 4. Temperature dependence of the normalized backgro
width multiplied byAT (H0 is the field at the central peak!. In the
inset is plotted the integrated intensity of the background norm
ized by the total intensity as a function ofJ/T. The solid squares
show the experimental results forHia and the open squares sho
the results obtained from the calculated spectra in Fig. 1.
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surprising that the chain length is much shorter than the
erage distance between impurity spins~5000–7000! esti-
mated from the Curie term of the susceptibility, sincexu
near an end is not Curie like but close to the bu
susceptibility,5,6 unlike spin-1 chains whose ends have ex
free spin degrees of freedom.1 Curie susceptibility arises
from finite segments with odd numbers of spins only at lo
enough temperatures such that the whole segment is fro
into the ground state with total spin 1/2. Thus there will be
certain correlation between the Curie term and the densit
defects that creates chain ends.

To make a quantitative comparison with the theory, t
values of uAa(p)u are calculated from the relatio
DHa/2H05uKalt,maxu5(ge /gn)0.137AJ/TuAa(p)u/J @ob-
tained from Eqs.~3! and~5!# with J52200 K and the data in
Fig. 4. We obtaineduAa(p)u/(2\gn) 5 6.2, 7.3, and 22.0
~T! for a 5 a, b, andc, respectively. These values may b
compared with the results for high-Tc cuprates having the
similar local structure. The values of the anisotropic on-s
couplingA0 and the isotropic nearest-neighbor couplingA1

in YBa2Cu3O61x have been determined a
Ac
0/(2\gn)5216.4, Aab

0 /(2\gn)53.2, and A154.1 T.19

SinceA(q)5A012A1cosq for a linear CuO3 chain, these
values giveuAa(p)u/(2\gn) 5 5.0, 5.0, and 24.6 T fora 5
a, b, and c, in good agreement with the above values.
should be noted that the strongq dependence of the aniso
ropy of A(q) makes our result firm evidence for the sta
gered magnetization.

Although the background spectra show good agreem
with the theoretical prediction for chain ends, we do not ha
direct evidence that the observed phenomena are du
chain ends. However, the following supportive argument c
be made. As mentioned earlier, the excess oxygen is
most likely source of impurities. As in high-Tc cuprates,
these oxygens will dope holes into the CuO3 chains. The
doped hole state will be the bonding combination of the fo
oxygenps orbitals neighboring to one Cu site. The spin of
doped hole and the central Cu ion will then form a Zhan
Rice singlet20 with a large binding energy of several eV an
effectively decouple both sides of the chain. Furthermo
renormalization group analysis4,6 shows that many other im
purity models are reduced to decoupled chains with the o
boundary condition atT50. Thus the results in Eqs.~1! and
~2! are expected to be qualitatively valid for such impuriti
as well.

We also observed a good correlation between the impu
content and the intensity of the background. We have inv
tigated an as-grown crystal showing a Curie term cor
sponding to 0.25% spin-1/2 impurities, which is an order
magnitude larger than the value for the Ar-annealed crys
indicating a larger impurity concentration. Similar spec
were obtained. In particular, the positions of the edges
the shoulders (DH and DH) remain unchanged in both
samples. However, the as-grown crystal shows a backgro
intensity about 4 times larger than the Ar-annealed crys
Unfortunately, we have been unable to estimate the impu
concentration quantitatively, since the susceptibility of a
nite segment of arbitrary length is not known and possi
contribution to the Curie term from other sources such
surface contamination, which would not affect the NM
spectrum of the bulk, cannot be excluded.
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In contrast to the background spectrum, the central p
shows peculiar features, which are not seen in the calcul
spectra and not understood yet. The separation betwee
shoulders (DH) has the same anisotropy asDH. Therefore,
it should be also due to the staggered magnetization. H
ever,DH follows approximately a Curie temperature depe
dence rather than 1/AT. Deviations from the ideal open en
boundary condition may changexalt( l ). However, Monte
Calro results for more realistic impurity models do not sh
such a distinguishable structure.21 Since the shoulder struc
ture is not much enhanced for the less pure sample, it m
not be a single-impurity effect.

The splitting or sharpening of the central peak is ev
more puzzling. The splittingdH observed forHia and b
suggests a tiny staggered magnetization spread over
whole crystal. We found thatdH increases more rapidly tha
1/T with lowering T and is larger for the as-grown crysta
Also dH varies only weakly with the field and extrapolat
to a finite value at zero field, while bothDH andDH are
proportional to the field. These facts suggest that the split
is not a single-impurity effect but caused by interacti
u
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among impurities. A plausible explanation for the sharp pe
for Hic is the short even segments frozen into the sing
ground state. In fact, if the chain ends are distributed r
domly, a few hundred ppm of the Cu sites should belong
segments much shorter than the antiferromagnetic corr
tion length atT530 K. However, why such a sharp peak
not observed for other field directions remains to be
plained.

In conclusion, we have observed the development o
broad background in the NMR spectrum in Sr2CuO3 due to
field-induced local staggered magnetization near impurit
in quantitative agreement with the theoretical prediction
chains with an open end. However, the spectra show a
tional structure in the central peak, which remains to be
plained.
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