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We have measured the temperature dependence of the nuclear spin-lattice relaxation rate 1/T1 and the
nuclear spin-spin relaxation rate 1/T2G due to indirect nuclear coupling for63Cu NQR in the spin-Peierls~SP!
compound CuGeO3, which undergoes the SP transition atTSP;14 K, using a single crystal. We perform a
combined analysis of 1/T1 and 1/T2G on the basis of theoretical results recently obtained for theS51/2
one-dimensional Heisenberg antiferromagnet~1DHAF! model to clarify the spin dynamics. Consequently we
find that the spin dynamics aboveTSP in CuGeO3 is not described by the pureS51/2 1DHAF model.
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Nuclear relaxation measurements1–4 in high-Tc supercon-
ducting copper oxides and related compounds have been
shown to be powerful techniques in studying the low-energy
spin dynamics of a two-dimensional quantum magnet. In
particular, the nuclear spin-lattice relaxation rate 1/T1 and
the nuclear spin-spin relaxation rate 1/T2G due to the indirect
coupling enable us to study the wave-vectorq dependence of
the dynamical susceptibilityx(q,v). Recently, Sachdev5

analytically derived in the low-temperature region ofT!J
~intrachain exchange interaction! the temperatureT depen-
dence of 1/T1 and 1/T2G for a one-dimensional Heisenberg
antiferromagnet~1DHAF! with a half-integer spin, using the
analytical expression ofx(q,v) at q;p obtained by
Schulz.6 Subsequently, Sandvik calculated theT dependence
of 1/T1 and 1/T2G up toT;J for theS51/2 1DHAF model
using quantum Monte Carlo~QMC! and maximum-entropy
analytic continuation.7 He showed the low-T behavior pre-
dicted by Sachdev persists up to a high temperature
T;0.5J, if the nuclear hyperfine form factorA(q) is peaked
aroundq5p. On the other hand, theq50 contribution be-
comes important even at low temperatures, ifA(q) has sig-
nificant weight forq;0. Experimentally, the nuclear relax-
ation measurements were recently reported for a typical
S51/2 1DHAF Sr2CuO3 with a largeJ of ;2200 K,8 and
the experimental results were well reproduced by the analyti-
cal study5 for T<J.

Hase, Terasaki, and Uchinokura recently found a new in-
organic spin-Peierls~SP! compound CuGeO3 which under-
goes the SP transition atTSP;14 K.9 There are in a unit cell
two elongated CuO6 octahedra which form linear chains
along thec axis. This compound aboveTSPcan be treated as
a pseudo-1DHAF ofS51/2. The intrachain exchange con-
stantJ along thec axis in the form of( i j JSiSj was reported
to be 160 K~Ref. 10! and 150 K~Ref. 11! by theoretical
analyses of the magnetic susceptibility, 120 K by the inelas-
tic neutron-scattering measurement,12 and 183 K by the mag-
netization study in ultra-high magnetic fields.13 Previously, it
was pointed out that the overall-T dependence of 1/T1 mea-
sured aboveTSP up to 80 K for 63Cu nuclear quadrupole

resonance~NQR! in CuGeO3 may be understood by the
1DHAF model.14,15However, this has not been confirmed up
to now. In the present study, we have measured theT depen-
dence of 1/T2G for 63Cu NQR to further clarify the spin
dynamics in CuGeO3, using a single crystal. Also we have
measured theT dependence of 1/T1 up to 300 K. We will
perform the combined analysis of 1/T1 and 1/T2G based on
the theoretical results for 1DHAF ofS51/2 by Sachdev and
Sandvik, and discuss the spin dynamics in CuGeO3.

A single crystal of CuGeO3 was prepared by the floating
zone method. The sample was confirmed to be a single phase
by x-ray analysis. The 1/T1 and 1/T2G measurements were
performed for63Cu NQR by using a coherent pulsed spec-
trometer. The rate 1/T1 was measured by the saturation re-
covery method, whereas 1/T2G was measured by changing
the interval between focusing and refocusing rf pulses. A
typical width of ap pulse was 1.5msec, that is, the strength
of the rf pulseH1 is 295 kHz which is comparable to the full
width at half maximum of the 63Cu NQR spectrum
300620 kHz, at 4.2 K. Therefore, the obtained 1/T2G value
may provide a slight underestimating of the indirect cou-
pling.

In general, the spin-echo amplitudeM (2t) as a function
of the time intervalt between focusing and refocusing rf
pulses is expressed as

M ~2t!5M0expF2
2t

T2R
2
1

2S 2t

T2G
D 2G , ~1!

whereM0 is a value att50 of M (2t) and 1/T2R is the
spin-echo decay rate due to the nuclear spin-lattice relaxation
process. The value of 1/T2R can be estimated from the 1/T1
data using the relation 1/T2R5(21r )(1/T1) for NQR by the
Redfield theory.3 In CuGeO3, the anisotropy of 1/T1, r , was
estimated to be;1/37 from the anisotropy of the hyperfine
coupling constant as will be discussed later. Based on the
T1 data for 63Cu NQR in CuGeO3 which will be presented
below, theT2R process is concluded to have a negligible
contribution to the spin-echo decay in CuGeO3.
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We measuredM (2t) for 63Cu NQR in theT range of
4.2–50 K. We clearly observed the Gaussian decay above
;12 K, whereas below;12 K the deviation from the
Gaussian decay, which may be due to the modulation effect,1

appeared in the long-time range. ThereforeT2G was deter-
mined by the least-squares fitting of the data to Eq.~1! with-
out including theT2R term. Particularly below 12 K the fit-
ting was done only for the initial decay. Thus we found the
T dependence of 1/T2G as is presented in Fig. 1~a!. The rate
1/T2G gradually increases with decreasingT, and after a
peak atTSPdecreases with further decreasingT. On the other
hand, 1/T1 aboveTSP increases with increasingT up to 300
K as is seen in Fig. 1~b!. BelowTSP, 1/T1 rapidly decreases
due to the opening of the gap in the magnetic excitation
spectrum, and theT dependence of 1/T1 is well traced by
T5.7360.3 s21 as the same as the previous report.14

The contribution of the nuclear dipole-dipole interaction
to 1/T2G in CuGeO3 is smaller than;1.33103 s21, which
is evaluated by assuming that all Cu sites are equivalent.
Therefore 1/T2G in CuGeO3 is predominantly ascribed to the
indirect nuclear spin-spin coupling. In this case, (1/T2G)

2 is
expressed for NQR as

~1/T2G!25
p

4\2~gmB!4(q $uAz~q!u4x2~q!

2@ uAz~q!u2x~q!#2%, ~2!

where p (50.69 for 63Cu! is the natural abundance
of the nuclear spin,\ is the Planck’s constant,g is the
electron g value, mB is the Bohr magneton, andx(q)
is the static susceptibility.1,16 In a 1DHAF, the form factor
of the hyperfine interaction is expressed as
Aa(q)5Aa

(0)12A(1)cos(q) (a5x, y, andz) whereAa
(0) and

A(1) are anisotropic on-site and isotropic nearest-neighbor
coupling constants, respectively. On the other hand, 1/T1 is
expressed as

1

T1
5

2kBT

~\gmB!2(q A'
2 ~q!

Imx~q,vn!

vn
, ~3!

where A'
2 (q)5@Ax

2(q)1Ay
2(q)#/2, and vn is the nuclear

Larmor frequency.17

We will discuss 1/T1 and 1/T2G aboveTSP in CuGeO3
based on theS51/2 1DHAF model. In half-integer spin
chains, bothq50 andp components ofx(q,v) contribute
to the nuclear relaxation. However, theq5p contribution is
predominant forT!J. In this case, Sachdev derived the fol-
lowing expressions for 1/T1 and 1/T2G by neglecting the
q50 component:

1

T1
5A'

2 ~p!
pD

\c
~4!

and

1

T2G
5Ai
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4\
A p

ckBT
, ~5!

where Ai(p)5Az(p), D is an unknown parameter,
I58.4425 . . . , andc (5pJ/2) is the spinon velocity at
T50 K.5,8 If the ratio of 1/T1 to AT/T2G is taken, the pa-
rameterD is canceled out as

T2G

T1AT
5
A'
2 ~p!

Ai
2~p!

4p

I
AkB

pc
. ~6!

Thus the ratioT2G /(T1AT) is independent ofT at low tem-
peratures. Figure 2 shows theT dependence of
T2G /(T1AT) in CuGeO3. If the SP transition is removed
down toT50 K, a finite value of;1.731023 K21/2 is ex-
trapolated atT50 K and should be compared with a value
calculated from Eq.~6!. For this calculation, we must know a
value ofA'

2 (p)/Ai
2(p). As was previously discussed from

the analysis of the hyperfine interaction,16,17 A(1) is very
small in CuGeO3. Thus reasonably assumingA(1)50, we

FIG. 1. Temperature dependence of~a! the Gaussian rate of the
nuclear spin-spin relaxation 1/T2G and the nuclear spin-lattice re-
laxation rate 1/T1 below 50 K, and~b! 1/T1 up to 300 K measured
for 63Cu NQR in CuGeO3.

FIG. 2. Temperature dependence ofT2G /(T1AT) measured for
63Cu NQR in CuGeO3. The solid curve with open circles represents
the QMC result of the hyperfine ratioRm50 for theS51/2 1DHAF
model ~after Ref. 7!.
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obtain A'(p)/(2gn\)5A'(0)/(2gn\)5224.4 kOe/mB

and Ai(p)/(2gn\)5Ai(0)/(2gn\)52209 kOe/mB ~Refs.
18 and 19!, where gn is the nuclear gyromagnetic ratio,
2p31.12853103 Hz/Oe for 63Cu. Using J5150 K for
CuGeO3, T2G /(T1AT) is evaluated to be 1.631023 K21/2,
which agrees with the extrapolated value atT50 K. In the
finite T region aboveTSP, the QMC results7 are available to
compare the experimental data ofT2G /(T1AT) with theoreti-
cal results for theS51/2 1DHAF model. The solid curve
with the open circles represents the QMC result of
Rm5A(1)/Am

(0)50 ~m5i and'! after correction forp, NQR,
hyperfine coupling constants, and a normalization factor. It
should be noted that the QMC results forp51, NMR, and
isotropicA(0) are presented in Ref. 7. TheT dependence of
the ratio in the QMC simulation seems to reproduce the ex-
perimental results, because the QMC result provides a larger
value than the Sachdev’s prediction of Eq.~6! as was pointed
out in Ref. 7. However, only from these discussions of
T2G /(T1AT) we cannot conclude that the spin dynamics in
CuGeO3 is described by theS51/2 1DHAF model.

Next, we will discuss eachT dependence of 1/T1 and
1/T2G aboveTSP. By considering the marginally irrelevant
operator, Sachdev5 predicted the correction of a multiplica-
tive prefactor ln1/2(L/J), whereL (;J) is an ultraviolet
cutoff, for both Eq.~4! of 1/T1 and Eq.~5! of 1/T2G . Thus
T/T 2G

2 is expected to be a linear function of ln(J/T) at low
temperatures. Figure 3 shows theT/T 2G

2 vs ln(J/T) plot with
QMC results7 of variousRi values for comparison. The right
vertical axis can be referred for the experimental data, if
A(1)50 which corresponds toRi50. The data aboveTSP
show theT dependence different from the QMC result of
Ri50 and qualitatively similar to that of a positiveRi value.
However, if A(1) is present, theRi value seems not to be
positive, becauseA(1) should be positive in the supertrans-
ferred mechanism through the hybridization between
Cu(3dx22y2)2O(2p) and Cu(4s).20 Even if Ri is positive,
we cannot at the same time explain the following 1/T1 data

by the QMC result withA(1) which may qualitatively repro-
duce the 1/T2G data. Figure 4 shows the 1/T1 vs T/J plot
with QMC results7 with variousR' values for comparison.
The QMC result ofR'50 cannot reproduce the experimen-
tal data of 1/T1. Also theT dependence due to the prefactor
ln1/2(L/J) which is seen in the QMC results below
T/J;0.4 conflicts with the experimental data. Thus we can-
not obtainRm values which reproduce the experimental data
of both 1/T1 and 1/T2G . This fact indicates that other relax-
ation mechanisms are present in the63Cu nuclear relaxation
of CuGeO3 and modify the pureS51/2 1DHAF dynamics.
One of them seems to come from a second nearest-neighbor
exchange interactionJ2 in the chain introduced indepen-
dently by Riera and Dobry10 (J2;0.36J, J;160 K! and by
Castillaet al.11 (J2&0.24J, J;150 K! to explain the mag-
netic susceptibility. Other origins may be interchain ex-
change interactions which were estimated to beJb;0.1J and
Ja;20.01J by the inelastic neutron-scattering study.12 A
theoretical study including such effects on the nuclear relax-
ation of the S51/2 1DHAF is desired to understand
the nuclear magnetic relaxation in the uniform phase of
CuGeO3.

Below TSP we have no available theories to describe
1/T2G in the dimerized phase of SP compounds. Also 1/T1,
which shows the characteristicT dependence ofT5.7360.03

just below TSP, cannot be explained at present, although
there is a theoretical study of theT1 mechanism including
three pseudofermion excitations in the dimerized phase by
Ehrenfreund and Smith.21 Further theories are desired to un-
derstand the present 1/T2G result with the 1/T1 data in the
dimerized phase of CuGeO3.

In summary, we measured theT dependence of 1/T1 and
1/T2G to understand the spin dynamics in the spin-Peierls
compound CuGeO3. Based on recent theoretical results for
theS51/2 1DHAF model by Sachdev and Sandvik, we have
performed the combined analysis of 1/T1 and 1/T2G above
TSP. We have found that the spin dynamics in CuGeO3 is

FIG. 3. T/T 2G
2 vs ln(J/T) plot for the Gaussian nuclear spin-spin

relaxation rate 1/T2G measured for63Cu NQR in CuGeO3. The
solid curves with several kinds of symbols represent QMC results
of various values of the hyperfine ratioRi for theS51/2 1DHAF
model ~after Ref. 7!. The right vertical axis can be referred for the
experimental data~solid circles!, if A(1)50.

FIG. 4. 1/T1 vs T/J plot for the nuclear spin-lattice relaxation
rate 1/T1 taken for 63Cu NQR in CuGeO3. The solid curves with
several kinds of symbols represent QMC results of various values
of the hyperfine ratioR' for theS51/2 1DHAF model~after Ref.
7!. The right vertical axis can be referred for the experimental data
~solid circles!, if A(1)50.
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not described by the pureS51/2 1DHAF model. It has been
pointed out that the second-nearest and/or the interchain ex-
change interactions may provide contributions to the nuclear
relaxation in CuGeO3.
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