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We report a Cu NMR study performed under high magnetic field on single crystals of the inorganic
spin-Peierls CuGeO3 compound, in its uniform and dimerized phases. The temperature (T) dependence of the
magnetic hyperfine shift, i.e., the local static spin susceptibility, is found to scale the macroscopic susceptibil-
ity. This allows the determination of the hyperfine coupling tensor, which can be well accounted for by the
on-site coupling associated with the localized electronic spin of a Cu11 ion in an approximately axially
symmetric environment. The nuclear spin-lattice relaxation rate~T1

21! in the dimerized phase is found to be
activated for temperature below;TSP/2. The magnetic-field dependence of the activation energy is in good
agreement with that of the energy gap determined by neutron inelastic scattering. In the uniform phase, neither
the magnitude ofT1

21 ~an order of magnitude smaller! nor itsT dependence~approximately linear inT instead
of being nearly constant! correspond to the theoretical predictions for a simpleS51/2, one-dimensional
Heisenberg antiferromagnet, unless we admit for a filtering of the antiferromagnetic fluctuations, due to a small
supertransferred hyperfine coupling. As expected, we found no magnetic-field dependence ofT1~T*1.5TSP! in
the range 8.9–14.9 T.@S0163-1829~97!05105-9#
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I. INTRODUCTION

It is well established that the inorganic compou
CuGeO3 ~Ref. 1! provides a good example of a spin-Peie
~SP! transition.2,3 This phenomenon is characterized by d
ferent structural distortions that are expected to be indu
by the quantum fluctuations of the spin system which
coupled to the lattice. Such a dynamic magnetoelastic ef
has been predicted to occur essentially in the o
dimensional ~1D! Heisenberg~or XY! antiferromagnetic
~AF! S51/2 spin chains.4 The observation of the SP trans
tions was obtained previously on organic materials, and t
have been widely investigated in the 1980’s.2,5 In contrast to
the case of organic compounds, the structure of CuGeO3 is
relatively simple, and large high-purity single crystals can
synthesized.6 This has enabled experimentalists to perfo
and develop measurements including those which could
have been done before as, e.g., detailed studies by ne
scattering.7,8 As a consequence, a large activity, both the
retical and experimental, has been devoted to this compo
recently. In the present work we report a nuclear magn
resonance~NMR! investigation on single crystals, providin
550163-1829/97/55~5!/2964~11!/$10.00
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accurate insights in magnetic properties; local microsco
static~x! and dynamic~x9! magnetic susceptibility are mea
sured through the magnetic hyperfine shift (K) and the
nuclear spin-lattice relaxation rate~T1

21!, directly at the po-
sition of ~copper! spins.

The phase diagram of CuGeO3 is shown in Fig. 1; as a
function of magnetic field (H) and temperature (T) three
different phases characterizing a SP system are well ide
fied. At high temperature there is a ‘‘uniform’’ (U) phase
where the spins system is considered to be made of reg
magnetic chains, defined by one lattice constantc and one
exchange coupling between neighboring spin (J). As the
temperature is lowered, a structural transition is achieve
TSP ~TSP>14 K at zero field!; in moderate magnetic field thi
transition corresponds to a dimerization of the lattice,9 so
that the separation between nearest neighbors is now g
by c6dc and the exchange coupling byJ6dJ . In this way
an energy gap is opened in the otherwise gapless spectru
the spin excitations, allowing for a magnetic energy ga
which outweighs the loss in elastic energy. Starting from t
dimerized (D) phase, increasing the magnetic-field value
duces another phase transition at the critical fieldHc>12.5
2964 © 1997 The American Physical Society
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55 296563,65Cu NMR INVESTIGATION OF CuGeO3 SINGLE . . .
T. This field-induced transition corresponds to a new def
mation of the lattice, which becomes incommensurate10 (I ).
This defines theI phase. This paper gives a rather compl
account of the NMR results in theU andD phases, while
data showing the solitonlike spin-density distribution in thI
phase have been reported elsewhere.11

In the SP phenomenon, the magnetic field plays a cru
role, which is clearly shown by the phase diagram of Fig
From the theoretical point of view, there is also a particu
interest in the field dependence studies of this system; the
Hamiltonian can be mapped by the Jordan-Wigner trans
mation onto a 1D system of interacting spinless fermio
and the variation of magnetic field corresponds to a cha
of the chemical potential, i.e., of the filling of the band. O
NMR measurements offer the possibility to probe the d
namics of theU andD phases at relatively large field value
~6.6–14.9 T!, and to compare these results to the publish
zero-field data. For analyzing theU phase, we shall refe
explicitly to the standard model of Heisenberg AF spin-1
chain. At low temperature (kBT,J), such system is known
to develop large quantum fluctuations at low energy~E;0!.
However, a distinction has to be made between two type
fluctuations: ~i! those which are associated with the A
short-range order develop at the AF wave vectorq;p/c,
and are expected to be dominant.~ii ! The uniform fluctua-
tions, i.e., those associated with short wave vectorsq;0, are
expected to be negligible at zero temperature and to incr
with the temperature. Our analysis shows that both type
fluctuations contribute to the NMRT1

21 relaxation rate in the
U phase. In theD phase, a completely different situation
found, and reference has to be made to the more gen
concept of ‘‘spin-liquid’’ systems, to which the dimerize
but also the Haldane and ladder spin chain belong. In th
systems, the elementary spin excitations show an energy
~with respect to the ground state!, and they are also define
by an extra quantum numberS51, whereS is the total spin
value. As a consequence, different relaxation processes
expected to occur, some of them being strongly field dep
dent.

Our measurements in CuGeO3 are performed on the cop
per nuclear spins, probing thus directly the on-site electro
S51/2 spin sites. Unfortunately, this makes the NMR inve
tigation difficult to perform for several reasons: there are t
copper sites in the system differing by the orientation of

FIG. 1. The phase diagram of CuGeO3.
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local environment, the anisotropy of the hyperfine coupli
is very strong~;10!, and the spin-spin relaxation rate~T2

21!
is fast and anisotropic. A detailed discussion of these pr
lems is given in Sec. II. A quantitative analysis of theT1

21

relaxation rate requires also an accurate determination of
hyperfine coupling tensor. This is achieved by a care
analysis of our rather complete study of the magnetic hyp
fine shift, presented in Sec. III; the results are typical
localized copper electronic spin, and may be used as a re
ence for other NMR studies of magnetic materials. They
essentially the same as those obtained by Itoh and colla
rators from the investigation of powder spectra,12 and from
the low-field single-crystal study13 performed in parallel to
this work. The NMR, i.e., the high magnetic-field measu
ment ofT1

21 in theU andD phases are presented and an
lyzed in Secs. IV and V, respectively. In Sec. V, the low
temperature data in theD phase are used to reveal th
magnetic-field dependence of the gap in the spin excitatio
Section VI contains the concluding remarks.

II. EXPERIMENT

An essential point when performing high-field NMR in
single crystal is the understanding of the local symmetry
the site under study, which determines the proper choice
the orientation of the magnetic field with respect to the cr
talline axis of the sample. In our case, although the glo
symmetry of CuGeO3 is orthorhombic, the local symmetry o
the copper site is lower. The only element of symmetry i
mirror plane, perpendicular to thec axis ~chain direction!,
which can thus bea priori identified14 as one of the principa
axes of the electric-field-gradient~EFG! tensor and the mag
netic hyperfine shift (K) tensor. To determine the two othe
principal axes, we are helped by the approximate symm
of the local environment of the copper; each Cu11 ion is
surrounded by six oxygens in adistortedoctahedral coordi-
nation. The nearest neighbors~NN! are four O~2! sites form-
ing a rectangle~‘‘nearly’’ a square! whose sides differ by
15%. The top and the bottom apex of the ‘‘octahedron’’ a
the O~1! sites laying on the O~1!-Cu-O~1! line which is
somewhat~by 6°! canted from the normal to the plane of th
O~2! rectangle. Neglecting the distortions of the octahed
one would naturally think that the Cu11 ion possesses a
electronic hole in thedx22y2 orbital pointing towards the
O~2! sites, with the EFG andK tensors of axial symmetry
with respect to the normal to the O~2! plane. Indeed, this
turns out to be a good approximation. Low-field~<1.1 T!
NMR experiments performed on a single crystal15 have al-
lowed the determination of the principalZ axis of the EFG
tensor as laying in between the O~1!-Cu-O~1! line and the
normal to the NN O~2! plane. The anisotropy of the tensor
relatively weak,h50.16, the smallest value of the EFG te
sor corresponding to thec axis ~X direction!. A combined
interpretation of the NMR data obtained on powder,12 on
single crystal at low field,13 and our high-field single-crysta
data presented in the following section, shows that theK
tensor corresponds well to the on-site hyperfine coupling
an electronic spin in adx22y2 orbital.

In order to define the wholeK tensor we used only two
characteristic orientations of the single crystal in the exter
magnetic fieldH0, namelyH0iX5c axis andH0iZ axis. In
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2966 55Y. FAGOT-REVURAT et al.
the former case both Cu sites are equivalent and we rec
65233 NMR lines corresponding to two copper isotop
63Cu and65Cu having nuclear spinI53/2, as shown in Fig. 2
For the other orientation, it must be noticed that two adjac
copper sites along theb direction have differentZ axes,
which can be obtained by rotating theb axis of the crystal by
q05637.5° aroundX5c axis.15 ~This is confirmed by re-
cent determination13 yieldingq05636.2°.! Thus, whenH0
is aligned along theZ axis for one site, it makes an angle 2q0
with the localZ axis of the other one~in theZ-Y plane!. The
resulting spectrum, shown in Fig. 3, contains 236512 NMR
lines corresponding to both orientations. The spectra sh
in Figs. 2 and 3 have allowed us to confirm the determinat
of the EFG tensor of Refs. 15, 16, 12, 13, and to extract
completeK tensor at two temperatures that are characteri
for theU andD phase, as given in Table I. It turns out th
the broad lineshape of the 2q0 lines in Fig. 3 corresponds to
a rather important misorientation~mosaicity! of the cleavage
(b,c) planes in our single crystal, with a distribution o
angles spread over 5°. For all other lines the magnetic fi
was~nearly! parallel to one of the principal axes of the EF
tensor, making the lines insensitive to small misorientati
since for these directions the linear term in the angular
pendence of the line position is zero.14

The present investigation of CuGeO3 has been carried ou
on two single crystals of approximately 100 mg. The me
sured temperature dependences of the magnetic suscep
ity are typical of good quality samples, showing a sp
Peierls transition atTSP514 K ~at 1 T!. Sample 1 was used
for all the measurements withH0iZ axis and, as discusse

FIG. 2. Field-sweep Cu NMR spectra of the dimerized~T54.2
K, n05112.2 MHz! and the uniform~T520 K, n05113.2 MHz!
phase, with the magnetic fieldH0ic axis. For each of the two iso
topes63Cu and65Cu, the symbolsC, S1, S2 denote the central line
and two satellites, respectively. The field-sweep scales of the
spectra are slightly shifted so that, within the resolution of the
ure, we see the line positions as if they were taken at the s
frequency.
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above, the spectrum shown in Fig. 3 reveals a rather imp
tant mosaicity. For the measurements withH0iX axis, a con-
figuration in which the spectra area priori more sensitive to
the mosaicity, another sample~2! with less mosaicity has
been chosen. The better quality of sample 2 has been
firmed by performing several comparative tests withH0iZ
axis, not shown in this paper; the only observed difference
compared to sample 1 was significantly sharper NMR lin

Another important ‘‘technical’’ point in this investigation
is a very fast spin-spin relaxation rateT2

21 which makes the
NMR spin-echo resonance difficult to observe. Moreov
the strong anisotropy of the hyperfine coupling tensor is
flected in the anisotropy of theT2

21, making, e.g., the NMR
resonance in theU phase hardly observable for any directio
away from theZ axis. In the spectra shown in Figs. 2 and
one can see that the loss of signal due to the spin-spin re
ation modifies the relative intensities of the lines making
more easy to observe the satellite lines as compared to
central line, isotope65Cu as compared to63Cu, and spectra
with H0iZ direction as compared to those corresponding
otherH0 directions. All these experimental findings are
fact a direct consequence of the strong anisotropy of hyp
fine couplingR5AZ/A';9@1. For such an anisotropic on
site hyperfine coupling tensor, and a relaxation of pure m
netic origin, one can estimate the anisotropy ofT1

21 to be
T1'

21/T1Z
21>R2/2. The corresponding lifetime contribution t

the spin-spin relaxation rate, the so-called Redfield contri
tion, then becomesT2RZ

21 >(R2/2)T1Z
21, and its anisotropy

FIG. 3. Field-sweep Cu NMR spectra of the dimerized~T54.2
K! and the uniform~T520 K! phase, taken at 103.3 MHz, with th
magnetic fieldH0'c axis and at 37.5° tob axis. For each of the
two isotopes63Cu and65Cu, the symbolsC, S1, S2 and c, s1, s2
denote the central line and two satellites corresponding to two
entationsu50° andu575°,f590°, respectively. Dotted lines rep
resent the reconstruction of thec lines, whereC lines are taken to
be symmetrical.

o
-
e

ra
TABLE I. The copper magnetic hyperfine shift (K) and coupling (A) tensors determined from the spect
shown in Figs. 2 and 3.DK5K~20 K!2K~4.2 K!. The experimental error is60.05% or64 kOe.

Axis K~4.2 K! ~%! K~20 K! ~%! DK ~%! Dx ~1023 emu/mol! A ~kOe!

Z 1.54 24.25 25.79 1.63 2478
Y 0.26 20.35 20.61 1.13 260
X5c 0.31 20.17 20.48 1.21 246
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T2R'

21 /T2RZ
21 >3.5 and 2.5 for the central and the satellite line

respectively. The dominant, spin-spin contribution toT2
21

(T 2G
21) is proportional tog2An, whereg is the gyromagnetic

ratio andn the natural abundance of the Cu isotope, a pr
uct which is 1.30 times smaller for the65Cu isotope than for
the 63Cu one. The anisotropy of the spin-spin contributi
T2G'

21 /T2GZ

21 is expected to be&2 and 1.5 for the central an

the satellite lines, respectively, where the given numbers
upper values corresponding to the case whereall the spins
can be considered as ‘‘like’’, i.e., participating in theI1I2

exchange process.17

In theT54.2 K spectrum shown in Fig. 2 one can also s
an unexpected difference between the two copper isoto
the NMR lines corresponding to the more abundant63Cu
isotope~69.1%! are much wider than those corresponding
65Cu, and their line shape presents distinct oscillations wh
are not an experimental artifact. We think that this is rela
to the very strong indirect spin-spin interaction and should
considered as an interesting technical point, which is ou
the scope of our study. Most of the results presented h
have been obtained on65Cu isotope, where this effect is no
visible, probably due to the smaller natural abundan
~30.9%!.

Note that in performing NMR studies in single crysta
the large value ofT2

21 brings an important loss of signa
intensity, while its anisotropy distorts the relative intensity
the NMR lines, but this does not affect the shape or
position of the lines, which are important for the determin
tion of theK tensor and the local magnetic-field distributio
However, in the interpretation of powder spectra these de
mations are likely to be more inconvenient. Moreover,
linewidth of the lines increases more than one order of m
nitude nearTSP,

18 which is again less harmful for the dete
mination of the center of the line in the study of single cry
tals, in comparison to the shift determination from t
position of the singularities in the powder spectra. We
lieve that minor differences in theK values found here and
reported in Ref. 12 should be related to these problems.

The signal loss due to large values ofT2
21 is particularly

important in theU phase, where we were obliged to put t
echo~i.e., the signal! within the ring-down time after thep
pulse ~t;5 ms!. While the corresponding modifications i
the NMR spectra are not important for the interpretation,
discussed above, the effects are much more harmful for
T1 determination. In short, measurements in theU phase
could be performed only forH0iZ axis where bothT1 andT2
are significantly longer than for other orientations of t
field. Although our attempt to determineT1X was unsuccess
ful, it proved that reliableT1 measurements withH0'Z axis
are not hopeless, but require special efforts in order to red
the pulse lengths, ring-down time~e.g., using active damp
ing!, and the dead time of the receiver, significantly bel
standard values.

Spin-lattice relaxation rate measurements have been
formed in the configurationH0iZ axis, on the central line
i.e., ~1/2, 21/2! transition of 65Cu, as this isotope corre
sponds to a longerT2 value and to a better separation b
tween the NMR lines corresponding to two sites~Fig. 3!.
Only the 14.9 T data were taken on63Cu isotope, and scale
to 65T1

21 data by applying the correction facto
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~65g/63g!251.147. ~It has been shown16 that the relaxation
is of magnetic origin!. The same conversion has been us
to convert the published NQR data.16,12T1 measurements a
high temperature were performed using a very reliable ‘‘d
ferential’’ echo sequence19 corresponding to the recovery a
ter a spin-inversion pulse. For longT1’s at low temperature,
in a more standard way, we measured the recovery aft
saturation comb. Both methods lead to the same time de
dence of longitudinal magnetizationS(t)}0.9e26t/T1

10.1e2t/T1, as shown in Fig. 4.

III. MAGNETIC HYPERFINE SHIFT

Figure 5 shows the temperature dependence of the p
tion of the center of65Cu ~1/2, 21/2! NMR line for H0iZ
axis, converted into the correspondingKZZ values. As the
hyperfine coupling is the strongest in this direction, the
data are those for which the error in the determination of
T dependence ofK is minimal. These data, taken at 103.28
MHz, i.e., for magnetic field ranging from 8.4 to 8.9 T, a

FIG. 4. Normalized time dependence of the longitudinal ma
netization in theT1 measurements. Representative data shown
the figure cover full span ofT1’s, ranging from 1.1 ms at 60 K to 80
s at 1.7 K, and several values of magnetic field. The full lines
the standard fit toS(t)}0.9e26t/T110.1e2t/T1, used in the determi-
nation ofT1.

FIG. 5. Magnetic hyperfine shiftK taken at 8.4–8.9 T and 14.9
T as a function of temperature, compared to the macroscopic m
netic susceptibilityxa data~Ref. 20! taken at 8 T. Plot of theK~T/
12.5 K! vs xa~T/13.1 K!, shown in the inset, reveals that linea
relation holds at all values, once we take into account the differe
in the transition temperatures.



ty
th
en

g

ro
ro
ot

ue

in

fie
-
e
t
ce

oh
e

d
K

tio

nt
r-
bl

,

n-

an

di

f

sot-

e
ard
t
e of
e

e

he

ome
so-

ti-

t
be

sfer

f

r of

s

n

on

2968 55Y. FAGOT-REVURAT et al.
compared to the macroscopic magnetization data20 measured
at H058 Tia axis and converted to magnetic susceptibili
One can notice that, apart from the small difference in
transition temperature, there is a precise linear depend
between the two quantities as revealed by theKZZ~T/12.5 K!
vs xa~T/13.1 K! plot shown in the inset of Fig. 5. Neglectin
the chemical shift, we have

Kaa~T!5Kaa
orb1Aaxa~T!/~gamBNA!, a5X,Y,Z, ~1!

where Aa is the hyperfine coupling tensor,K aa
orb is the

temperature-independent orbital part of the shift, andNA is
Avogadro’s constant. Thus, the NMR data show that mac
scopic magnetic susceptibility corresponds to the mic
scopic spin susceptibility of copper electronic spins, in b
U andD phases. In particular, in theD phase this confirms
the dimerization in which neighboring spins couple into tr
singlets, withno local AF variation of microscopic field; in
Fig. 3 we see that~away from the transition18! the width of
the NMR lines is essentially the same in both phases.

Before starting the discussion on the hyperfine coupl
tensor, let us remark that the difference inTSP for the two
measurements of Fig. 5 can be related to the magnetic
and orientation dependence ofTSP, the orientation depen
dence coming~at least! from the strong anisotropy of th
Landéfactorg ~discussed below!, as the theory predicts tha
DTSP(H)}2(gmBH)

2. Note that the orientation dependen
of TSP(H) is another source of problems~in addition to the
very strong increase of linewidths atTSP! in the interpreta-
tion of powder spectra, which is a possible reason why It
Hirashima, and Motoya12 reported some deviations from th
linear dependence of Eq.~1!, just belowTSP.

The hyperfine coupling tensorAa has been determine
from the change of the shift values between 20 and 4.2
reported in Table I, compared to the corresponding varia
of macroscopic susceptibility. The fullDxa tensor has been
calculated fromDxa~8 T!51.3231023 emu/mol,20 taking
into account that susceptibility data confirm thatxa/ga

2 , i.e.,
the spin polarization, is isotropic. The declared experime
error of64 kOe on theAa tensor corresponds to the unce
tainty on the shift values only; the real error is most proba
dominated by the susceptibility data.

In order to proceed with the interpretation of theAa ten-
sor, we start with the transformation of theg tensor,
ga52.162, gb52.266, gc52.070,21 to the XYZ coordinate
system15 ~X5c axis!. After solving the following equations

g~f!25gZ
2cos2f1gY

2sin2f
~2!

gb5g~37.5°!, ga5g~52.5°!,

one obtains15 a nearly axial tensor,gZ52.407, gY52.004,
and gX5gc52.070. Taking into account the local enviro
ment of copper spin and the values ofg andA tensors, it is
evident that in the first approximation we can use the st
dard description22 of a Cu11 ion in the crystal field of tetrag-
onal symmetry, in which we take for the perpendicular
rection the average of values forY and X direction,
g'52.037,A'553 kOe. We start with the determination o
the ratio of the energy levelsD15Eyz,zx2Ex22y2 and D0
5Exy2Ex22y2,
.
e
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,
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D1

D0
5

gZ22

8~g'22!
5KZZ

orb/4K'
orb, ~3!

a parameter which can be determined either from the ani
ropy of theg tensor,D1/D051.4, or from the orbital shift,
1.7%/~430.30%!51.4. Note that the following formulas ar
only weakly dependent on this parameter. The stand
expressions22 for AZ andA' can be solved to obtain explici
formulas for the unknown parameters measuring the siz
the Cu11 ion and the core-polarization contribution to th
hyperfine coupling

A052mB^r23&5~A'2AZ!F672~gZ22!S 12
5/56

D1 /D0
D G21

,

~4!

ACP52A0F2AZ

A0
2
4

7
1~gZ22!S 11

6/56

D1 /D0
D G . ~5!

Taking D1/D051.4, we obtain A05891 kOe, i.e.,
^r23&57.13a 0

23, a value which is somewhat closer to th
free-ion value~7.53a0

23! than for other copper salts.22 The
core polarization,ACP52359 kOe ~k52ACP/A050.40!, is
also found to be stronger than the typical value for all t
transition-metal ions, i.e.,2250 kOe. Taking the latter value
as rather well established, we can expect that at least s
part of the difference between two values is due to an i
tropic supertransferred hyperfine coupling (B) to the elec-
tronic spins on the two NN coppers, for which we can es
mate an upper limitu22Bu&100 kOe. In fact, from the
analysis of theT1 data in theU phase, given in the following
section, a considerably smaller value is deduced,B5211
kOe.

To compare theB value to other available data, we firs
note that in the similar CuO2-based systems there should
a relation between the spin-spin couplingJ and theB hyper-
fine coupling, as both quantities are related to the tran
integralt. In the copper oxide high-Tc superconductors theB
values range from 80 kOe in YBa2Cu3O61x to 140 kOe in
HgBa2Ca2Cu3O81d,

23 for J values which are one order o
magnitude greater than in CuGeO3. Neglecting all the differ-
ences between two systems, a first guess for the orde
magnitude ofB in CuGeO3 is then given by a direct scaling
yielding uBu;10 kOe, quite in agreement with the value
given above.

Note that the fullq-dependent hyperfine coupling is give
by

Aa~qc!5Aa22B@12cos~qcc!#, ~6!

and it is clear that as far as the strongest,Z-direction cou-
pling is concerned, theB term brings a minorq dependence,
reducing the coupling at the AF pointqc5p/c by only 9%
for B5211 kOe. Note thatAZ(qc) will provide the domi-
nant contribution in theT2 ~taken for any direction! and in
the T1 for all directions away fromZ. Unfortunately, the
T1Z values measured by NQR~Refs. 12 and 16! or NMR
~this paper! are sensitive only toX and Y components of
hyperfine coupling, for which the existence of such aB term
leads to strong attenuation of the coupling atqc5p/c, re-
sulting in the suppression of the AF fluctuations contributi
to T1Z

21.
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Finally, from the orbital shift, one can deduceD0 and the
spin-orbit coupling parameterl:

D0516mB
2^r23&/KZZ

orb, ~7!

l52D0~gZ22!/8. ~8!

TakingKZZ
orb51.7%, we findD052.4 eV andl520.12 eV,

the latter value being stronger than the free-ion value~20.10
eV!.22 We recall that this analysis corresponds to a sim
ionic picture in which, moreover, the difference between
X ~chain! and Y ~perpendicular! direction has been ne
glected. Within these approximations, the description and
deduced parameters are quite reasonable.

In parallel to this work, Itohet al.13 have performed the
low magnetic field study of CuGeO3 single crystals with the
complete determination ofK tensor. To determine theT de-
pendence ofK, they used theH0ib and c-axis data, while
our values correspond to theH0iZ andc-axis configuration.
Nearly the same values are found for the spin part ofK, and
slightly different values for the orbital part~which is more
susceptible to experimental error!. Itoh et al.13 performed a
full analysis of the data corresponding to the orthorhom
symmetry of the crystal field, confirming the approximati
in which the departures from the tetragonal symmetry
essentially negligible. Note that within their notation the h
perfine coupling constants are divided by the correspond
g tensor values, leading to somewhat different parametr
tion of the data.

IV. UNIFORM PHASE

As already discussed at the end of Sec. II, theT1 mea-
surements in theU phase could only be performed for th
orientationH0iZ axis. Figure 6 presents a summary of t
T1Z

21 data taken at 8.9 and 14.9 T, compared to the kno

NQR data16,12scaled by the standard factorT 1
215T1NQR

21 /3.14

The relatively important experimental error reported for t
NMR data correspond to the previously discussed proble
concerning the loss of the signal intensity due to very sh
T2. Moreover, as the temperature approachesTSP, the lines

FIG. 6. Nuclear-spin-lattice relaxation rate~T1
21! of 65Cu for

H0iZ axis at 14.9 T and 8.9 T, and the zero-field NQR da
~T 1

215T1NQR
21/3! of Refs. 16 and 12. The dashed line is the b

fit to the numerical prediction of Sandvik~Ref. 27!, where the only
fit parameter is the transferred hyperfine couplingB5211 kOe.
e
e

e

c

e
-
g
a-

n

s
rt

broaden and we have detected that values ofT1 depend on
the position within the line shape, and observed increas
deviations from the expected form of the relaxationS(t). All
these effects are converted into declared experimental er
Note that at 8.9 T, the value ofTSP is significantly higher
than at 14.9 T~Fig. 1!, which explains the differences ob
served nearTSP.

Away from the transition there is no difference betwe
the T1

21 data taken at 8.9 and 14.9 T, and the NMR valu
are essentially the same as those measured by the NQR
in zero field.16,12 We conclude that there is no field depe
dence of theT1, and discuss the results within the framewo
of theoretical results concerning the low-energy spin exc
tions of a spin-1/2 Heisenberg AF chain in the case of z
applied magnetic field. The excitations atT50 are then
gapped everywhere for all theq vectors in the Brillouin zone
but for q50 andq5p. Only the q5p mode, the spectra
weight of which diverges withv→0, contributes to the
nuclear spin-relaxation rate, while theq50 mode has a van
ishing spectral weight. At finite temperature, theq50 mode
provides a contribution which increases with temperatu
Several calculations have been made to estimate the tem
ture dependence of the nuclear spin-lattice relaxation. In
hypothesis of a simple Heisenberg AF chain with no ne
nearest-neighbor exchange interaction and a purely on-
q-independent, hyperfine coupling, the relaxation rate can
expressed as

1

T1
5pb

\gn
2A'

2

J
, ~9!

whereA'
25(AX

21AY
2)/2 andpb is a weakly temperature de

pendent prefactor of the order of 0.3–0.5. The estimate
Ehrenfreundet al.,24 based on the fermion representation a
the random-phase approximation, led to

p050.306F120.239S kBTJ D 2G21

. ~9a!

Going beyond the mean-field approximation, Schulz25 has
calculated the dominant, AF contribution to the dynamic s
ceptibility x'9 (r ,t) and x'9 (q,v) using the bosonization o
fermion operators in the continuum limit, and scaling arg
ments. In the Appendix we show that using these results

pAF>
D

p F12
4a

p

kBT

J G , D5paC'
2;1–1.5. ~9b!

The expressions for the susceptibility contain constanta
andC' ~of the order of 1! which cannot be evaluated withi
this approach. However, the overall prefactorD can be de-
termined with an accuracy better than 30% using the z
temperaturex'9 (q,T/v→0) limit and various sum rules,26

and these estimates give several values ranging from
*1.45. The latter value is obtained from the static correlat
function, and should be preferred in the present context.
nally, recent numerical Monte Carlo results of Sandvik27 are
in a very fine agreement with this value:

pnum~0.1&kBT/J&0.3!>0.52F121.02
kBT

J G . ~9c!

t
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2970 55Y. FAGOT-REVURAT et al.
Numerical results confirm that the AF fluctuations decre
on increasing temperature, in accord with the discussion
analytical results of Schulz25 given in the Appendix. Above
kBT/J;0.3, the increasingq;0 contribution flattens out and
reverses the temperature dependence ofT1

21 to a slowly in-
creasing function.

Putting the numbers in Eq.~9c!, J510.2 meV~118 K!,7

A'5253 kOe, for the65Cu isotope we find~at kBT/J50.2,
pnum50.41! a value ofT1

21>4300 s21, which is expected to
be nearly temperature independent, in clear disagreem
with the data shown in Fig. 6. The experimental values
much smaller, and roughly linearly dependent with the te
perature. The only possibility to reconcile the experimen
T1Z
-1 with the simple Heisenberg AF chain, is to admit t

existence of the supertransferred hyperfine couplingB, al-
ready suggested by the interpretation ofK tensor, which in-
troduces aq dependence of the hyperfine coupling given
Eq. ~6!. Indeed, the coupling constant for the AF fluctuatio
then becomesA'AF

2 5@(AX24B)21(AY24B)2#/2, and rea-
sonable B values could produce strong filtering (A'AF

2

!A'
2 ) of this dominant part of dynamic susceptibility. O

the other hand,q;0 contribution strongly increases wit
temperature, providing a possible explanation for the exp
mentally observedT dependence. Using the numerical r
sults of Sandvik,27 the best fit to the data is obtained fo
B5211 kOe, and it is shown by the dashed line in Fig.
For a fit with only one adjustable parameter~i.e., theB cou-
pling!, one can see that the agreement is quite good.

Apparently the simplest way to check this hypothesis is
measureT1 with the field perpendicular toZ axis. In this
case the relaxation is dominated by theZ-axis fluctuations,
enhanced by the much stronger hyperfine couplingAZ , for
which theq dependence induced by theB term is essentially
negligible. Unfortunately, in this case Eq.~9! predicts an
extremely shortT1, with values below 10ms, and perform-
ing such measurements is not trivial; for example, the m
characteristic time inS(t), T1/6, is then of the same order a
the length of the RF pulses~see also the discussion at the e
of Sec. II!.

V. DIMERIZED PHASE

The principal characteristics of the dimerized pha
namely the opening of a gap in the magnetic excitations
clearly seen in the strong decrease ofT1

21 belowTSP ~Figs. 6
and 7!. While the interpretation of the opening of the gap a
the corresponding temperature dependence ofT1 in the tem-
perature rangeTSP/2,T,TSP is invariably difficult, one usu-
ally expects that, below approximatelyTSP/2, when the gap
~inset to Fig. 7! and other properties of the system no long
vary with temperature,T1

21 acquires an Arrhenius~or ‘‘acti-
vated’’! temperature dependence,T1

21} exp~2EA/kBT!, re-
flecting only the relaxation by the thermal excitations acr
the gap. Indeed, as already found by NQR,16,12 just below
TSP the T dependence ofT1

21 can be fitted by a power law
T 1

21}Tm where, from our NMR data, the expone
m~H058.6 T!54.760.1 is somewhat smaller than the zer
field values16,12m(H050)55.5. As shown in Figs. 7 and 8
below ;5 K we do recover an activated behavior, with
magnetic-field dependent activation energy (EA). The field
dependence ofEA is found to be the same as for the ener
e
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gap (Eg) seen by the inelastic neutron scattering,7 with the
magnitude of the activation energy being;25% bigger.
These values are much lower thanEA>2Eg predicted by
Ehrenfreund and Smith28 for the indirect three-magnon pro
cess. In order to explain this value ofEA , we shall consider
two models, originally proposed for Haldane gap system

First, the phenomenological description proposed
Gaveauet al.29 involves ‘‘one-magnon processes’’ which a
usually forbidden, but allows for a finite lifetime of thes
excitations, due to higher-order process. The temperature
pendence ofT1

21 is then given byG exp~2Eg/T!, whereG is
the inverse of the lifetime of the ‘‘dressed magnon.’’ Whil
strictly speaking, Ehrenfreund and Smith28 found thatG var-
ies as exp~2Eg/T!, in Ref. 30 theT dependence ofG is left
as a free parameter and can beT independent~or weakly
dependent! if for some reason the lifetime of the excitation
is bounded by some valueG0. In this latter case one obtain
the experimentally observedEA5Eg .

The other possible mechanism was proposed by Sagi
Affleck.31 They consider a relaxation mechanism, which
due to fluctuations aroundq50, acting within theS51 mani-

FIG. 7. The low-temperature65CuT1
21 data taken at 103.3 MHz

~>8.4 T!, H0iZ axis, show activated behavior below 5 K, where t
energy gap (Eg) should no longer vary with temperature, as ind
cated by the neutron data of Refs. 7~squares! and 8 ~diamonds!
shown in the inset. The full line is slightly modified exponential fi
as explained in the text.

FIG. 8. The low-temperature65Cu T1
21 data taken atH0iZ axis

at 6.6 T ~squares!, 8.4 T ~circles!, 10.4 T ~diamonds!, 11.4 T ~up
triangles!, and 0 T NQR data of Refs. 16 and 12~down triangles!.
The full lines are fits defining the corresponding energy gap, and
magnetic-field dependence of this gap is shown in the inset~solid
squares!, compared to the neutron data of Ref. 7~open circles!.
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fold of the excitations, and can be expressed in terms o
two-magnon process. The resulting contribution toT1

21

strongly depends on the symmetry of the hyperfine Ham
tonian. If the applied magnetic field is strictly parallel to th
principal axis of the hyperfine coupling tensor~Z axis in our
case!, only transverse fluctuations of the typeS1(t)S2(0)
are effective in relaxation, which require transitions betwe
branches of the triplet excitations, i.e.,Dm51 transitions.
For such an interbranch process, as long as the magnon
persion is purely parabolic and theq and field dependence o
the magnon scattering matrix element is negligible on
energy scale defined byh5gmBH andkBT, the integral over
the phase space for the scattering process weighted by
Boltzmann probability factor for the excitation yields:

1/T1inter}F11expS 2h

kBT
D GK0S h

2kBT
D

3expS 2
Eg~h50!2h/2

kBT
D , ~10!

whereK0 is the modified Bessel function of order zero.
the high-field limit, i.e., forh*2kBT, this expression is re
duced to 1/T1inter}AkBT/h exp@2Eg(h50)/kBT#, presenting a
field-independentactivation energy, which is in clear contra
diction with our experimental data. Only a low-field limit o
Eq. ~10! would present some field dependence of the act
tion energy, which is unfortunately below experimental re
lution ash!Eg(h50).

However, as soon as longitudinal spin fluctuatio
Sz(t)Sz(0) contribute to the relaxation, intrabranch proces
~Dm50 transitions! becomes authorized whatever is t
value of the field. For each of the three branches~m5
21,0,1!, the contribution to the relaxation rate

1/T1intra, m}K0S \vNMR

2kBT
D expS 2

Egm
~h!

kBT
D ~11!

reflects the corresponding~field dependent form561! en-
ergy gapEgm

(h), making the relaxation due to the lowe
branch a good candidate for the description of our exp
mental data. In this formula, the nuclear spin-flip ener
\vNMR provides the cutoff for the infrared divergence in t
1D integral over the phase space for the scattering proc
In fact, the weak interchain couplingJ8 is expected to pro-
vide a more efficient cutoff of the order ofAJJ8,31 which is
unfortunately another unknown parameter modifying theT
dependence of relaxation. Note that in this case, the l
K0(x!1)> ln~2/x!20.5772, which is usually applied to Eq
~11! ~Ref. 31! may no longer be valid.

In practice, one possibility to observe intrabranch fluctu
tions comes from a nonalignment of the magnetic fieldH0
with a principal axis of the hyperfine coupling tensor. In th
case and for ananisotropiccoupling, the off-diagonal ele
ments of the coupling tensorAzx andAzy will be nonzero,
allowing for a Sz(t)Sz(0) process. It can be shown that
misorientation of the order of a degree betweenH0 and theZ
axis of the hyperfine coupling tensor is enough to render
intrabranch contribution larger than the interbranch one,
cause of the very strong anisotropy of coupli
@(Azz/Axx,yy)

2;100# and according to the relative magnitud
a
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of these two processes, given by theK0 functions in Eqs.
~10! and~11!. Since we cannot guarantee such a precision
our crystal orientation, the interbranch mechanism may v
well apply to our data. By the way, Eq.~11! fits well our data
up toH0>10 T.

Let us now examine in more detail the dressed o
magnon picture.29,30 The relaxation rate is considered to b
proportional to the~Bose! occupation numbern(E) of mag-
netic excitations, and to the corresponding dynamic struc
factorS(q,v):

T1
21}A'

2SqS~q,vNMR;0!n„Eg~q!…. ~12!

For theS~q,0! andEg~q! we put the best estimates availab
from the neutron data. The experimental data on theq de-
pendence of the energy gap7,32 are extrapolated to the com
plete 2D Brillouin zone by the following numerical formul
given in Kelvin:

Eg~q!5$D21~18222D2!@sin~qcc!#3/2

1~6722D2!@11cos~qbb!#2/4%1/2, ~13!

where the only parameter is the ‘‘gap’’ valueD5Eg~QAF! at
the AF wave vectorQAF5(p/c,p/b). The structure factor is
approximated30 by

S~q,0!}$@11~p2qcjc!
2#@11~p2qbjb!

2#%21/2

3$G@11„Eg~q!/G…2#%21, ~14!

where the correlation lengths are taken to bejc>3c and
jb>b, as determined by neutrons.7 Theq-dependent part of
S~q,0! is taken to be7 the square root of Lorentzian, corre
sponding to the Fourier transform~at q;QAF! of the equal-
time correlation function for an AF alternating chain:33

^S0Sr&}(21)r(r /j)21/2exp~2r /j!. The energy-dependen
part is described by a Lorentzian. For small dampingG,
~G!D!, the Lorentzian is reduced toG/Eg~q!2, and the relax-
ation rate is simply given byT 1

21}G(T) f (D,T), where
function f contains the sum overq, which has to be evalu-
ated numerically. Experimentally, only a weak, nonexpon
tial T dependence ofG(T) is compatible with ourT1

21 data,
as if, e.g.,G were limited by some intrinsic value. For sim
plicity, in our fit we take theT independentG, which means
that the temperature dependence ofT1

21 is described by a
single fit parameter, namely the gapD. These fits to the data
taken at several values of magnetic field, are shown in F
7 and 8. In the inset of Fig. 8 we see that the gap val
obtained in this way compare very well with neutron resu
both in the magnitude and in the magnetic-field dependen

Note that the gap valuesD are found to be;15% lower
than the activation energiesEA obtained directly from a
simple Arrhenius plot. Indeed, the temperature depende
of the sum overq in Eq. ~12! is dominantly determined by
the Boltzmann factor exp„2Eg~q!/kBT… in the occupation
numbern(E). TheEA can thus be regarded as a sort of
average overEg~q! taken forq;QAF , and weighted by the
Boltzmann factor. Thus, Eq.~12! putsD somewhat below the
‘‘raw’’ EA values. Furthermore, in the sum the dominanq
dependence is given by the Boltzmann factor, making the
relatively insensitive to the model chosen forS~q,0!. In fact,
if S~q,0! is replaced by a constant, the value ofD in the fits
is decreased by only;6%.
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For magnetic fields close to the transition to theI phase,
our description of the relaxation rate may cease to be v
since the gap becomes comparable to the temperature an
can expect an increased contribution of the multiple mag
process.28 Indeed, nearHc we find the saturation of theD(H)
dependence, which may be an artifact of the admixed hig
processes, increasing the effectiveD value of our fit.

In Fig. 8 we have also presented a fit showing thetenta-
tive extrapolation of the available NQR data16,12 to lower
temperature. The corresponding value ofD~H50! is only an
indication that even at zero field the gap determined by n
trons and by NQR may be the same. We remark tha
zero-field the three magnon branches are superposed, w
in the one-~dressed! magnon picture means that bothm521
and 1 branches will be active. As regards the description
two-magnon processes,31 intrabranch transitions will be de
scribed by the same Eq.~11! @with Eg(h50), andvNMR
replaced byvNQR# as the intrabranch transitions, making t
two processes indistinguishable. As already discussed,
frequency in theK0 function in Eq. ~11! should only be
regarded as the infrared-divergence cutoff frequency, wh
is at leastvNQR and probably much higher in reality. Furthe
more, the interbranch process will be allowed only if theAZX
coupling is nonzero, which will happen if the principalZ
axis of the EFG gradient does not coincide with the princi
axis of hyperfine coupling tensor. Altogether, it is very d
ficult to predict the~relative! magnitude of two possible two
magnon processes.

In conclusion, present experimental data do not allow
the conclusion about the nature of the relaxation proc
Further experimental information can certainly be provid
by the full angle dependence of the relaxation rate, and
extending the observed field dependence of relaxation to
magnetic field.

VI. CONCLUSION

The single-crystal NMR data on CuGeO3 presented in this
paper provide a rather complete microscopic picture of
uniform and dimerized phase, confirming and completing
results obtained on powder samples.16,12As regards the static
properties, the magnetic hyperfine shift tensor and the co
sponding hyperfine coupling tensor~Table I and Refs. 12 and
13! are typical for a Cu11 ion in a site possessing~approxi-
mate! tetragonal symmetry, withdx22y2 orbital pointing to-
wards the nearest-neighboring O~2! sites. However, the value
of the core polarization coupling obtained from a quanti
tive analysis is found to be unusually high, possibly due
the presence of a small supertransferred hyperfineB term
associated with the nearest neighbors. Such a term w
introduce aq dependence of the hyperfine coupling, which
small for the direction of the local symmetryZ axis ~perpen-
dicular todx22y2 orbital!, but may be very important for the
perpendicular directions where the on-site coupling is of
same order. This may lead to the filtering of the AF fluctu
tions contribution toT1Z

21, while the quantities for which the

dominantZ-axis coupling is effective, namelyT1X, T1Y and
T2 for any direction, will be essentially unaffected by th
presence ofB term. Unfortunately, for technical reason
only T1Z data are available so far, and we were not able
use the anisotropy ofT1 as a direct way to check the hype
id
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fine couplings determined from the shift data. Howev
when compared to the simple Heisenberg chain, the un
pectedly lowT1Z

21 values and its quasilinearT dependence

are suggestive of a filtering of the AF fluctuations. The o
served temperature dependence should then be assoc
with the q50 contribution, which has been shown27 to in-
crease with temperature. In addition to that, we may a
expect a modification ofT1 due to various reasons: couplin
to the phonons, interchain coupling, or next-nearest ne
boring spin coupling~if it is important!. Note that the inter-
chain coupling is found to be as large asJ/10 in theb direc-
tion ~andJ/100 in thea direction!.7 The possibility that the
spin-Peierls transition in CuGeO3 is not related to the elastic
coupling, but rather to the competing next-nearest-neigh
spin-spin coupling of the order of 0.3J, has also been dis
cussed recently.34

A possible way to understand the relative weight of t
q50 and AF contribution to local dynamic susceptibilit
i.e., to copperT1, is to perform the oxygen17O NMR. By the
local symmetry, for O~2! sites the AF contribution to oxygen
17T1

21 is filtered out, and comparison of copper and oxyg
relaxation rates should bring the answer. However, only
oxygen hyperfine shift data are available yet.35

Another interesting point raised by the NMR data is t
absence of the field dependence of theT1Z

21 in the uniform

phase. Numerical results for the zero-temperature spe
function perpendicular to the applied field, corresponding
the exact solution for 10 Heisenberg spins 1/2 in the m
netic field,26 are indeed indicative of the field-independe
total spectral weight near the zero energy. However,
spectral functions are significantly modified by the prese
of the magnetic field, and we are not aware of any dir
calculation regarding the field dependence ofT1. Note that a
negligible field dependence ofT1 has also been found by C
NMR in another spin-1/2 one-dimensional antiferromagn
Sr2CuO3.

36 These results concern rather a low temperat
kBT/J&0.1, and they are thus complementary to o
kBT/J.0.1 data in theU phase of CuGeO3. According to
the temperature range involved and the values of hyper
couplings, the Sr2CuO3 data concern the pure AF-fluctuatio
contribution toT1

21. They are also found in quantitative ac
cord with theoretical predictions.

Finally, the low-temperatureT1Z
21 NMR data in the dimer-

ized phase clearly reflect the magnetic-field dependenc
the energy gap. In an attempt to interpret these data,
discussed several theoretically proposed processes.
three-magnon process28 predicts an activation energy to b
twice the gap value, while the experimental activation ene
is rather close to the gap as determined by neutrons. U
the one-~dressed! magnon process29,30 to fit the data, we
found experimentally that the dampingG of this magnon is at
most weakly temperature dependent. However, the rea
for this absence of temperature dependence remains t
clarified. In the two-magnon interbranch process31 a field-
independent activation energy is predicted, in contradict
to the data. The two-magnon intrabranch process could
plain the observed field dependence of the activation ene
but in this case the magnetic-field dependence of the re
ation does not correspond to the prediction. Moreover,
process is expected to be extremely angle sensitive, w
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remains to be verified. In short, the available experimen
data do not allow us to conclude which is the correct desc
tion; more information should be obtained primarily by t
precise angle dependence measurements of relaxation
also by extending the field-dependence measurements~at
low temperature! to cover the lower and zero magnetic fiel
Note that the above-mentioned two-magnon processes
been discussed31 in the context of the HaldaneS51 antifer-
romagnetic chain, and it would be also interesting to rec
sider it theoretically in the particular case of a spin-Peie
system in which the excitation spectrum is different.
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APPENDIX: T1 OF A HEISENBERG CHAIN

Neglecting the logarithmic corrections which are expec
to be important forT/J,0.1 ~kB515\!, the dominant con-
tribution to the spin susceptibility of a spin-1/2 Heisenbe
AF chain is given by25

xXX9 5xYY9 5
D

4pT
ImFrS v2nDq

4pT D rS v1nDq

4pT D G ,
where r(x)5G(1/42 ix)/G(3/42 ix), n5pJ/2,
Dq5qc2p/c, and the unknown parametersa andC' de-
fined in Ref. 25 are contracted toD5paC'

2 . The zero-
temperature limit

xXX9 ~T/v→0!5D@v22~cDq!2#21/2
r,

-
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-
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ve

-
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can be used to determine the unknown prefactorD;1–1.5,
which is discussed by Mu¨ller et al.26 The relaxation rate
T1

2152(gnA')
2T(qxXX9 (q,vNMR)/vNMR can be calculated

using the limit value for w→0 of the integral
*0

` Im[r(w2k)r(w1k)]dk5wp2, which is accurate to less
than 1% forw,0.027. In this way we recover

T1
215Dgn

2A'
2 /~pJ!,

which is temperature independent. This is partly due to
approximations used in Ref. 25 in the Fourier transform
the real-space susceptibilityxXX9 (r ,t) to obtain xXX9 (q,v).
These approximations can be removed ifT1 is calculated
directly from the real-space susceptibility using

(
q

xXX9 ~q,v!/v5E
0

`

sin~vt !xXX9 ~r50,t !/vdt

>E
0

`

txXX9 ~r50,t !dt.

The temperature dependence ofT1
21 is then given by the

integral

I ~t!54p22E
0

`

t3@~t21t2!sinh~ t !#21dt

5122t/p1O~t2!,

which multiplies the constantT1
21 value derived from

xXX9 (q,v):

T1
215I ~2aT/J!Dgn

2A'
2 /~pJ!.

Comparing this analytical expression for the AF contributi
to T1

21, to the Monte Carlo result ofA Sandvik27 @for the
case whereB is chosen to ensure the filtering of theq50
contribution, i.e., to makeA'(q50)50#, we find that pa-
rametersa51.3 andD51.6 provide a perfect fit to the nu
merical data in the temperature range 0.1<T/J<0.4.
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