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Field-induced staggered magnetization near impurities in theS=; one-dimensional
Heisenberg antiferromagnet SpCuO,
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We report an impurity effect in the spi%'lone-dimensional Heisenberg antiferromagnefC310;. The
53Cu 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.
[S0163-182697)08017-X

Impurity effects in quantum spin chains with a singlet which are reduced by subsequent annealing in an Ar atmo-
ground state have attracted recent interest, since even a nagphere down to 130-200 ppth.This indicates that the
magnetic defect may disturb the correlated ground state djominant source of impurities in this material is the intersti-
the bulk in a subtle manner and locally restore magnetidial €xcess oxygen. The NMR spectra reported here were
behavior. A good example is the extra spin-1/2 degree ofPtained on an Ar-annealed crystal by integrating the spin-
freedom localized near an open end of an integer—spit’?ChO signal with a boxcar averager at a fixed frequency while

. : . o sweeping the magnetic field. The same crystal was used in
He|senber% cham., which has an excitation gdpldane gap o previous measurements of nuclear relaxation rates.
in the bulk: Also it has been observed that only a few per-

e RS X - " “tentional impurity doping has not been successful so far. In
cent of nonmagnetic impurities in the spin-Peierls materialne following, we first describe the theoretical prediction for
CuGeO; induce long-range magnetic ordef. the NMR spectra and then present the experimental results.

The case of half-integer-spin Heisenberg chains has been The inset of Fig. 1 shows the Monte Carlo result for the
considered by Eggert and Affle€k® From field-theoretical |ocal spin susceptibility (1) in units of (gug)¥J at
and Monte Carlo calculations, they found that the local susT=J/15 as a function of distandefrom the open end ob-
ceptibility near an open end of a semi-infinite chain has aained by Eggert and AffleckUsing a field-theoretical tech-
large alternating component. This means that a uniform magnique valid at low temperatured €J), they also obtained a
netic field will induce local staggered magnetization near thesimple analytic expression foy(l), which consists of the
end. The staggered moment has a maximum at a finite dissniform and alternating parnts
tance from the end, which increases a§ With decreasing
temperaturé.Such a long-range disturbance near a chain end
is a manifestation of the critical nature of half-integer-spin
chains whose correlation length diverge3 at0, yet there is
no long-range order. An analogy to other impurity problems 0
such as the Kondo effect and the tunneling in one- I
dimensional wires has been also pointed Withus experi-
mental confirmation of such an exotic impurity effect in a
guantum many-body system should be important. In this pa-
per we report observation of the field-induced staggered
magnetization near impurities in SuO; by ®3Cu nuclear
magnetic resonand@&MR) experiments.

Recent studies have shown that the sfatft and
dynamicd!? properties of SJCuQ; are well described by a
spin-1/2 one-dimension&lD) Heisenberg model. The ratio
of the intrachain exchangé= 2200+ 200 K, obtained from

susceptibility data to_the 3D ordering temperaturg, =5 FIG. 1. Distribution function, Eq(5), of the local susceptibility
K, determined by muchand neutron experiment3js larger (1) which is equivalent to the NMR spectrum. The uniform part of
than any other materidf. Single crystals of SICUO; were (1) is omitted. In the inset is plottegt(l) as a function of the
grown by the traveling-solvent-floating-zone method. Thedistancel from the chain end al=J/15. Dots and lines are the
susceptibility of as-grown crystals shows a low-temperaturévonte Carlo (Ref. 5 and the analytic result$Eq. (2) with
Curie term corresponding to about 0.1% spin-1/2 impuritiesa=0.58], respectively.
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x(D=xu(H)+ (= 1) xar(). (1)

While y,(1) is nearly constant with a value close to the bulk
susceptibility, the alternating part is given by

a_J I
v J(w/aT)sin27TI/v)’

wherev = 7J/2 is the spin-wave velocity. This result, shown
by the solid line in the inset of Fig. 1 for=J/15, agrees
with the Monte Carlo result if the constaatis chosen to be
0.58, except for a shift of a few sites. A distinct feature is
that y (1) shows a maximum

M~ 7.5 7.6 7.7
Xailt, max 0.13WJI/T ) magnetic field (T)

Xar(l)= )

intensity

at1=0.48)/T and decreases exponentially for lardger
Such alternating(staggerejl magnetization can be de-  FIG. 2. The®Cu NMR spectra foH|a at 86 MHz. The inset
tected by broadening of NMR spectra. The hyperfine intershows the crystal structure of £uQOs;.

action ) N ) n
features in addition to this background: the splitting of the

- central peak §H) and the shoulders on both side of the peak
H=;| Aa liaSala=x, y, or z), (4 (DH).™ Similar spectra were obtained féfi|b.
v Figure 3 shows the spectra fiifjc. All three quadrupolar
between a nuclear spin at thié site and an electron spin at split lines are shown. Common features with the spectra for

the Ith site, causes a shift of the resonance field, H|a such as the broadening of the central peaks, the back-
ground with clear edges, and the shoulder structure are ob-
i- served. By taking spectra for several field directions in the
Ki=(yel v 22 Ay x(1)13 y axng Sp

ac plane, we confirmed that the positions of the edges and
. shoulders move smoothly and that bathi andDH show a
~(Ye! Yn)[AZ0) xut Az 1) xar(i)1/J, (®)  simple co&d angular dependence. However, the spectrum at

where v, (7.) is the nuclearelectron gyromagnetic ratio, 30 K Shows a very sharp pea few mT widg on top of the
A(q)=3,A'ed is the Fourier component of the hyperfine broadened central peak, in contr_ast to the splitting obser\_/ed
coupling constant, and is the direction of the magnetic for Hlla andb. The intensity of this sharp peak, however, is
field. Since the range ok~ in magnetic insulators is un- ©Only about 0.1% of the total integrated intensity.

likely to go beyond the first neighbors and much shorter than Since the spectra in an infinite periodic spin chain should
the distance over which significant changes occur.jiil) at be a S|_ngle line, whose width is dgtermlned by the dyngmlc
low temperatures, we used the approximation:ﬁ_laxat'?”,ralltfs (I/tl) an(; 1) and gd(')tf thelortdertof mTt Iln
X(I)mXu—i_eXpQWl)Xalt(i) in Eq. (5). The NMR spectrum IS material,” any oroadaening or a : | |0na_ S_I'UC ure at low
represents the distribution function &f , which is equiva- €MPeratures must be due to spatial variationy (i) near

lent to . apart from the uniform shift. Figure 1 shows the IMPUrities including chain ends. Indeed the shape of the
calculated distribution function observed background resembles the spectra in Fig. 1 calcu-

T T T T T T

T=200 K

g<x>=2 f{x—(=1) xa(D}, (6) Hilc

using Eq.(2), wheref is chosen to be a Lorentzian with
small width (0.09 to makeg(x) a smooth curve and the =
summation is taken up tb=450. It shows a distinct shape
with a sharp center peak on top of a broad background. No-
tice that the maximum iry; gives rise to peaks at the edges
of the background, whose separation varies 8§ 1/

We now turn to the experimental results. Figure 2 shows
the NMR spectra at different temperatures with the magnetic
field along thea axis (see the crystal structure in the inset
Only the center lines of the quadrupolar split spectra are — T
shown. A sharp single peak observed at 200 K gets broad- 74 7.6 7.8 8
ened at lower temperatures. In addition to this central peak, a magnetic field (T)
broad background with sharp edges becomes clearly visible
at low temperatures. Both the intensity and the width, de- FIG. 3. The®Cu NMR spectra foH||c at 86 MHz. The peak at
noted asAH in Fig. 2, of the background grow with decreas- 7.76 T in the 60 K spectrum is due to 5 contained in the NMR
ing temperature. The spectrum at 30 K shows two distincprobe.
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2T surprising that the chain length is much shorter than the av-
I ok« <] erage distance between impurity spifB000—7000 esti-
] mated from the Curie term of the susceptibility, singg
° - near an end is not Curie like but close to the bulk
o ] susceptibility>® unlike spin-1 chains whose ends have extra
o " « Hle ] free spin degrees of freedomCurie susceptibility arises
o T Hib from finite segments with odd numbers of spins only at low
aT « Hlla ] enough temperatures such that the whole segment is frozen
I ] into the ground state with total spin 1/2. Thus there will be a
05 00 ] certain correlation between the Curie term and the density of
] defects that creates chain ends.
To make a quantitative comparison with the theory, the

0 —_ ] values of |A,(m)| are calculated from the relation

0 50 100
T ® AH /2Ho= K amal = (7e/ 70) 0.13%IIT|A () |13 [ob-

tained from Egs(3) and(5)] with J=2200 K and the data in
FIG. 4. Temperature dependence of the normalized backgrounfid. 4. We ObtalnedAa(w)U(Zﬁyn) = 6.2, 7.3, and 22.0
width multiplied by T (H, is the field at the central pepkin the ~ (T) for @ = a, b, andc, respectively. These values may be

inset is plotted the integrated intensity of the background normalcompared with the results for highs cuprates having the
ized by the total intensity as a function 8fT. The solid squares Similar local structure. The values of the anisotropic on-site

show the experimental results fbija and the open squares show coupling A® and the isotropic nearest-neighbor couplifyy
the results obtained from the calculated spectra in Fig. 1. in  YBa,Cuz04,, have been determined as
A% (2hy)=—16.4, AY/(2iy,)=3.2, and Al=4.1 T
lated for a chain end. We first focus on this broad back-Since A(q)=A°+2Alcog for a linear CuQ chain, these
ground, in particular on its anisotropy and temperature devalues givelA,(7)|/(2%y,) = 5.0, 5.0, and 24.6 T for =

15

intensity

o M r o

\T(AH/2Hy) (K)

pendence. a, b, andc, in good agreement with the above values. It
From the spectra for three different field directions, theshould be noted that the stromgdependence of the anisot-
anisotropy ofAH is obtained as ropy of A(q) makes our result firm evidence for the stag-
gered magnetization.
AHa:AH,:AH=1:1.16+0.03:3.730.05,  (7) Although the background spectra show good agreement

with the theoretical prediction for chain ends, we do not have

is nearly identical to the anisotropy of the hyperfine couplingdiréct evidence that the observed phenomena are due to
chain ends. However, the following supportive argument can

to the staggered magnetizati , which has been de- . ; .
99 gnetizatié,(m), whi be made. As mentioned earlier, the excess oxygen is the

termined by the anisotropy of the nuclear spin-lattice relax- ) X " O
ation rates 17,1116 most likely source of impurities. As in highz cuprates,

these oxygens will dope holes into the Cy®hains. The
|AL(m)]:| Ap(m)|:|Ac(m)| = 1:1.12+ 0.03:3.34-0.04. doped hole st_ate will _be thg bonding comb[nation of the four
(8) oxygenp,, orbitals neighboring to one Cu site. The spin of a
doped hole and the central Cu ion will then form a Zhang-
This fact indicates thathe broad background is due to hy- Rice singlet’ with a large binding energy of several eV and
perfine coupling to local staggered magnetizatias ex-  effectively decouple both sides of the chain. Furthermore,
pressed by Eq(5). Even the small discrepancy between Eqs.renormalization group analyéi&shows that many other im-
(7) and(8) is consistent with approximately 10% anisotropy purity models are reduced to decoupled chains with the open
of the g value of Cu ions expected from crystal field phoundary condition at=0. Thus the results in Eqél) and
effects!® Direct dipolar coupling to possible dilute impurity (2) are expected to be qualitatively valid for such impurities
spins should be more isotropic. as well.

In Fig. 4 is plotted the normalized width of the back- e also observed a good correlation between the impurity
groundAH /2H, (Hy is the field at the central pepkiulti-  content and the intensity of the background. We have inves-
plied by JT as a function of temperature. It is independent oftigated an as-grown crystal showing a Curie term corre-
temperature, which is consistent with the theoretical predicsponding to 0.25% spin-1/2 impurities, which is an order of
tion of Eq. (3). We emphasize that the T dependence of magnitude larger than the value for the Ar-annealed crystal,
AH is unique and distinguished from conventional Curie be-indicating a larger impurity concentration. Similar spectra
havior, which is expected for broadening due to isolated imwere obtained. In particular, the positions of the edges and
purity spins. The integrated intensity of the background northe shoulders AH and DH) remain unchanged in both
malized by the total intensity represents the ratio of thesamples. However, the as-grown crystal shows a background
spatial extent of the staggered magnetization to the averagetensity about 4 times larger than the Ar-annealed crystal.
half chain length. As shown by the dots in the inset of Fig. 4,Unfortunately, we have been unable to estimate the impurity
it varies as 1T, consistent with the resulbpen circlesfor  concentration quantitatively, since the susceptibility of a fi-
the spectra in Fig. 1 calculated for the half chain length ofnite segment of arbitrary length is not known and possible
450. Since the slope of this plot for the calculated spectra isontribution to the Curie term from other sources such as
about twice as large as that for the experimental data, weurface contamination, which would not affect the NMR
estimate the average chain length to be 180800. It is not  spectrum of the bulk, cannot be excluded.

which is independent of temperatuisee Fig. 4. This result
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In contrast to the background spectrum, the central peakmong impurities. A plausible explanation for the sharp peak
shows peculiar features, which are not seen in the calculatefdr H|c is the short even segments frozen into the singlet
spectra and not understood yet. The separation between tgeound state. In fact, if the chain ends are distributed ran-
shoulders DH) has the same anisotropy A$1. Therefore, domly, a few hundred ppm of the Cu sites should belong to
it should be also due to the staggered magnetization. Howsegments much shorter than the antiferromagnetic correla-
ever,DH follows approximately a Curie temperature depen-tion length atT=30 K. However, why such a sharp peak is
dence rather than {T. Deviations from the ideal open end not observed for other field directions remains to be ex-
boundary condition may changg,(l). However, Monte  pjained.

Calro results for more realistic impurity models do not show | conclusion, we have observed the development of a
such. a distinguishable structueSince the shoulder struc-  proad background in the NMR spectrum in,8u0; due to
ture is not much enhanced for the less pure sample, it maye 4 induced local staggered magnetization near impurities,

not be a 5|_ngle-|mpur|ty eff?Ct- . in quantitative agreement with the theoretical prediction for
The splitting or sharpening of the central peak is even

. b chains with an open end. However, the spectra show addi-
more puzzlmg. The splittingH obse'rveq forH||a and b tional structure in the central peak, which remains to be ex-
suggests a tiny staggered magnetization spread over the .
whole crystal. We found thatH increases more rapidly than plained.

1/T with lowering T and is larger for the as-grown crystal.  We are grateful to Sebastian Eggert for many useful com-
Also SH varies only weakly with the field and extrapolates munications and comments on the manuscript. The work at
to a finite value at zero field, while bothH andDH are  University of Tokyo was supported by the Ministry of Edu-
proportional to the field. These facts suggest that the splittingation, Science and Culture and by grants from NEDO, Ja-
is not a single-impurity effect but caused by interactionpan.
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