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We report a Cu NMR study performed under high magnetic field on single crystals of the inorganic
spin-Peierls CuGeQcompound, in its uniform and dimerized phases. The temperaiyrdépendence 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 &"Cion in an approximately axially
symmetric environment. The nuclear spin-lattice relaxation ¢&¢") in the dimerized phase is found to be
activated for temperature belowTsg2. 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 o ; * (an order of magnitude smal)emor its T dependencéapproximately linear il instead
of being nearly constaptcorrespond to the theoretical predictions for a simfkel1/2, 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 dependefde=df.5Tsp) in
the range 8.9-14.9 TS0163-18207)05105-9

[. INTRODUCTION accurate insights in magnetic properties; local microscopic
static (x) and dynamidx’) magnetic susceptibility are mea-
It is well established that the inorganic compoundsured through the magnetic hyperfine shiK)(and the
CuGeQ (Ref. 1) provides a good example of a spin-Peierls nuclear spin-lattice relaxation rat@; %), directly at the po-
(SP transition? This phenomenon is characterized by dif- sition of (coppej spins.
ferent structural distortions that are expected to be induced The phase diagram of CuGe®@ shown in Fig. 1; as a
by the quantum fluctuations of the spin system which isfunction of magnetic field ) and temperatureT) three
coupled to the lattice. Such a dynamic magnetoelastic effedifferent phases characterizing a SP system are well identi-
has been predicted to occur essentially in the onefied. At high temperature there is a “uniform”U) phase
dimensional (1D) Heisenberg(or XY) antiferromagnetic where the spins system is considered to be made of regular
(AF) S=1/2 spin chainé.The observation of the SP transi- magnetic chains, defined by one lattice constarind one
tions was obtained previously on organic materials, and thegxchange coupling between neighboring spil). (As the
have been widely investigated in the 1989%in contrast to  temperature is lowered, a structural transition is achieved at
the case of organic compounds, the structure of Cud@sO Tgp(Tg=14 K at zero field in moderate magnetic field this
relatively simple, and large high-purity single crystals can beransition corresponds to a dimerization of the latficen
synthesized. This has enabled experimentalists to performthat the separation between nearest neighbors is now given
and develop measurements including those which could ndiy c* 6, and the exchange coupling Byt ;. In this way
have been done before as, e.g., detailed studies by neutram energy gap is opened in the otherwise gapless spectrum of
scattering® As a consequence, a large activity, both theo-the spin excitations, allowing for a magnetic energy gain
retical and experimental, has been devoted to this compounahich outweighs the loss in elastic energy. Starting from this
recently. In the present work we report a nuclear magnetidimerized D) phase, increasing the magnetic-field value in-
resonancéNMR) investigation on single crystals, providing duces another phase transition at the critical fidld=12.5
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local environment, the anisotropy of the hyperfine coupling

20l | ncommensurate Te is very strong(~10), and the spin-spin relaxation raf€, %)
phasé is fast and anisotropic. A detailed discussion of these prob-
£ (magnefc) lems is given in Sec. Il. A quantitative analysis of the®
3 o H, Uh"if°"“ relaxation rate requires also an accurate determination of the
'}'3 ?m:::eﬁc) hyperfine coupling tensor. This is achieved by a careful
g 10 analysis of our rather complete study of the magnetic hyper-
§ D‘imeriz.ed fine shift, presented in Sec. lll; the results are typical for
= .t RN localized copper electronic spin, and may be used as a refer-
(non-magnefic) ence for other NMR studies of magnetic materials. They are

essentially the same as those obtained by Itoh and collabo-
% 5 10 15 20 rators from the investigation of powder spectfand from

the low-field single-crystal study performed in parallel to
this work. The NMR, i.e., the high magnetic-field measure-
ment of T; 1 in the U andD phases are presented and ana-
FIG. 1. The phase diagram of CuGgO lyzed in Secs. IV and V, respectively. In Sec. V, the low-
temperature data in th® phase are used to reveal the
‘magnetic-field dependence of the gap in the spin excitations.
Section VI contains the concluding remarks.

Temperature (K)

T. This field-induced transition corresponds to a new defor
mation of the lattice, which becomes incommensufate).
This defines theé phase. This paper gives a rather complete

account of the NMR resplts in' thig ar_ld D phase;, vyhile Il EXPERIMENT
data showing the solitonlike spin-density distribution in the
phase have been reported elsewHeére. An essential point when performing high-field NMR in a

In the SP phenomenon, the magnetic field plays a cruciadingle crystal is the understanding of the local symmetry of
role, which is clearly shown by the phase diagram of Fig. 1the site under study, which determines the proper choice of
From the theoretical point of view, there is also a particularthe orientation of the magnetic field with respect to the crys-
interest in the field dependence studies of this system; the SRlline axis of the sample. In our case, although the global
Hamiltonian can be mapped by the Jordan-Wigner transforsymmetry of CuGe@is orthorhombic, the local symmetry of
mation onto a 1D system of interacting spinless fermionsthe copper site is lower. The only element of symmetry is a
and the variation of magnetic field corresponds to a changgirror plane, perpendicular to the axis (chain direction,
of the chemical potential, i.e., of the filling of the band. Our which can thus ba priori identified* as one of the principal
NMR measurements offer the possibility to probe the dy-axes of the electric-field-gradie(EFG) tensor and the mag-
namics of theU andD phases at relatively large field values netic hyperfine shift K) tensor. To determine the two other
(6.6—14.9 7, and to compare these results to the publishedrincipal axes, we are helped by the approximate symmetry
zero-field data. For analyzing tHe phase, we shall refer of the local environment of the copper; eachCuion is
explicitly to the standard model of Heisenberg AF spin-1/2surrounded by six oxygens indistortedoctahedral coordi-
chain. At low temperaturekgT<J), such system is known nation. The nearest neighbdi$N) are four 2) sites form-
to develop large quantum fluctuations at low enefigy-0). ing a rectangle(“nearly” a square whose sides differ by
However, a distinction has to be made between two types af5%. The top and the bottom apex of the “octahedron” are
fluctuations: (i) those which are associated with the AF the Q1) sites laying on the @)-Cu-Q(1) line which is
short-range order develop at the AF wave vederm/c, somewhatby 6°) canted from the normal to the plane of the
and are expected to be domina(it) The uniform fluctua- O(2) rectangle. Neglecting the distortions of the octahedron
tions, i.e., those associated with short wave veater§, are  one would naturally think that the CU ion possesses an
expected to be negligible at zero temperature and to increagdectronic hole in thed,2_,2 orbital pointing towards the
with the temperature. Our analysis shows that both types dP(2) sites, with the EFG an& tensors of axial symmetry
fluctuations contribute to the NMR; * relaxation rate in the with respect to the normal to the(® plane. Indeed, this
U phase. In thédD phase, a completely different situation is turns out to be a good approximation. Low-figlg1.1 T)
found, and reference has to be made to the more generBIMR experiments performed on a single crystdiave al-
concept of “spin-liquid” systems, to which the dimerized, lowed the determination of the principZl axis of the EFG
but also the Haldane and ladder spin chain belong. In thesensor as laying in between the(Xp-Cu-Q(1) line and the
systems, the elementary spin excitations show an energy gagprmal to the NN @2) plane. The anisotropy of the tensor is
(with respect to the ground statend they are also defined relatively weak,»=0.16, the smallest value of the EFG ten-
by an extra quantum numb&=1, whereS is the total spin sor corresponding to the axis (X direction. A combined
value. As a consequence, different relaxation processes aisterpretation of the NMR data obtained on powtfegn
expected to occur, some of them being strongly field depersingle crystal at low field® and our high-field single-crystal
dent. data presented in the following section, shows that Khe

Our measurements in CuGg@re performed on the cop- tensor corresponds well to the on-site hyperfine coupling to
per nuclear spins, probing thus directly the on-site electroni@n electronic spin in a2 2 orbital.

S=1/2 spin sites. Unfortunately, this makes the NMR inves- In order to define the whol& tensor we used only two
tigation difficult to perform for several reasons: there are twocharacteristic orientations of the single crystal in the external
copper sites in the system differing by the orientation of themagnetic fieldH,, namelyHylIX=c axis andH|lZ axis. In
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FIG. 2. Field-sweep Cu NMR spectra of the dimeriZ&d=4.2
K, 1=112.2 MH2 and the uniform(T=20 K, »,=113.2 MH2 FIG. 3. Field-sweep Cu NMR spectra of the dimeri£&d=4.2
phase, with the magnetic fieldylic axis. For each of the two iso- K) and the uniformT=20 K) phase, taken at 103.3 MHz, with the
topes®*Cu and®*Cu, the symbol<, S, S, denote the central line  magnetic fieldH,L ¢ axis and at 37.5° td axis. For each of the
and two satellites, respectively. The field-sweep scales of the twgyo isotopes®®Cu and®*Cu, the symbol<C, S;, S, andc, s;, S,
spectra are slightly shifted so that, within the resolution of the fig-genote the central line and two satellites corresponding to two ori-
ure, we see the line positions as if they were taken at the samgntationsg=0° and #=75°, $=90°, respectively. Dotted lines rep-
frequency. resent the reconstruction of tleelines, whereC lines are taken to

. . be symmetrical.
the former case both Cu sites are equivalent and we recover

6=2X3 NMR lines corresponding to two copper isotopes N .
83Cu and®®Cu having nuclear spih=3/2, as shown in Fig. 2. above, the spectrum shown in Fig. 3 reveals a rather impor-

For the other orientation, it must be noticed that two adjacen}ant mosaicity. For the measurements whiii X axis, a con-
copper sites along the direction have differenZ axes, iguration in which the spectra aeepriori more sensitive to

which can be obtained by rotating theaxis of the crystal by the mosaicity, ar?other samp[lg) W:(th Iessl moiaicity has
9,=+37.5° aroundX=c axis'® (This is confirmed by re- been chosen. The better quality of sample 2 has been con-

cent determinatior yielding 9,==36.2°) Thus, wherH, frmed by performing several comparative tests withilZ
is aligned along th& axis for one site, it makes an anglé axis, not shown in this paper; _the_ (_)nly observed dlfferenpe as
with the localZ axis of the other onéin theZ-Y plane. The compared to sample 1 was significantly sharper NMR lines.

resulting spectrum, shown in Fig. 3, contains@=12 NMR Another important “technical” point in this investigation
L - 1 . . . . 71 .
lines corresponding to both orientations. The spectra showl$ 2 VerY fast ﬁpln—spln relaxa'glf(?.n rIaTQ which makes the
in Figs. 2 and 3 have allowed us to confirm the determination"MR spin-echo resonance difficult to observe. Moreover,

of the EFG tensor of Refs. 15, 16, 12, 13, and to extract thi’.‘e strong anisotropy of the hyperfine coupling tensor is re-

completeK tensor at two temperatures that are characteristi ected in the anisotropy of thié, ", making, e.g., the .NMR
t resonance in the phase hardly observable for any direction

for the U andD phase, as given in Table I. It turns out tha . P
the broad lineshape of theg lines in Fig. 3 corresponds to 2Way from theZ axis. In the spectra shown in Figs. 2 and 3
one can see that the loss of signal due to the spin-spin relax-

a rather important misorientatigmosaicity of the cleavage X = o> = " . R
(b,c) planes in our single crystal, with a distribution of ation modifies the relative intensities of the lines making it

angles spread over 5°. For all other lines the magnetic field°'® ??Sy to obseége the satellite Ilgegsas corr&pared to the
was (nearly parallel to one of the principal axes of the EFG ceéntral line, isotopeCu as compared t8°Cu, and spectra

tensor, making the lines insensitive to small misorientation)"“'[h HollZ direction as compared to those corresponding to

since for these directions the linear term in the angular de2ther Ho directions. All these experimental findings are in
pendence of the line position is zetb. fact a direct consequence of the strong anisotropy of hyper-

The present investigation of CuGgBas been carried out 1€ couplingR=Az/A, ~9>1. For such an anisotropic on-
on two single crystals of approximately 100 mg. The meaSite hyperfine coupling tensor, and a relaxation of pure mag-

sured temperature dependences of the magnetic susceptigilic Ongin, one can estimate the anisotropyTaf' to be

ity are typical of good quality samples, showing a spin- 11, /T1, =R/2. The corresponding lifetime contribution to
Peierls transition aTgz=14 K (at 1 T). Sample 1 was used the spin-spin relaxation rate, the so-called Redfield contribu-
for all the measurements witHyIZ axis and, as discussed tion, then becomes‘l’z_Rlzz(RZ/Z)Tl_zl, and its anisotropy

TABLE I. The copper magnetic hyperfine shiK) and coupling A) tensors determined from the spectra
shown in Figs. 2 and AAK=K (20 K)—K (4.2 K). The experimental error i£0.05% or=+4 kOe.

Axis K(4.2 K) (%) K(20 K) (%) AK (%) Ay (10”2 emu/mo) A (kOe)
Z 1.54 —4.25 —-5.79 1.63 —478
Y 0.26 —-0.35 -0.61 1.13 —-60
X=c 0.31 -0.17 —0.48 1.21 —46
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T,a /T,a =3.5 and 2.5 for the central and the satellite lines, - . -
L z

1.6 1
respectively. The dominant, spin-spin contribution Ttg* > 14 ¢ 60K 149T 4
AP . . . £ 1. e 40K 89T

(T5g) is proportional toy’\n, wherey is the gyromagnetic g 12

ratio andn the natural abundance of the Cu isotope, a prod- E -

uct which is 1.30 times smaller for tiféCu isotope than for % 10

the %3Cu one. The anisotropy of the spin-spin contribution 2 08

T2 /T2, is expected to bes2 and 1.5 for the central and % 0.6

the satellite lines, respectively, where the given numbers are <] 04 42K, 14T

upper values corresponding to the case wtaraghe spins 021 v 17K 84T

can be considered as “like”, i.e., participating in thel _ 0.0 , , ,
exchange proceé%_ 0.001 0.01 0.1 1 10

In theT=4.2 K spectrum shown in Fig. 2 one can also see
an unexpected difference between the two copper isotopes:
the NMR lines corresponding to the more abund&i@u FIG. 4. Normalized time dependence of the longitudinal mag-
isotope(69.1%9 are much wider than those corresponding toneti;ation in theT, measurements..Representative data shown in
%5Cu, and their line shape presents distinct oscillations whicf€ figure cover full span dfy’s, ranging from 1.1 ms at 60 K to 80
are not an experimental artifact. We think that this is relatec® 2t 1.7 K, and several vaIyg/sT of magir:/eTtlc field. The full lines are
to the very strong indirect spin-spin interaction and should bdh€ standard fit t&(t)>0.9e "> 7++0.1e "7+, used in the determi-
considered as an interesting technical point, which is out of2tion ofT:.

the scope of our study. Most of the results presented her .
P Y P 5y/5%y)2=1.147. (It has been showfi that the relaxation

have been obtained diCu isotope, where this effect is not ' S )
s of magnetic origin  The same conversion has been used

isible, bably d to th I tural abundance ;
\(/és(; QSA) probably due o fhe smalier natural abundancg, convert the published NQR datal? T, measurements at

high temperature were performed using a very reliable “dif-
the large value ofT,* brings an important loss of signal ferentiall” ?Cho sgquen&%corresponging to the recovery af-
intensity, while its anisotropy distorts the relative intensity off[er a spin-inversion pulse. For lorig’s at low temperature,

the NMR lines, but this does not affect the shape or thd" & more standard way, we measured the recovery after a
position of the lines, which are important for the determina-Saturation comb. Both methods lead to the same t'ﬂSTdepen'
tion of theK tensor and the local magnetic-field distribution. dence_t,ﬁ’f longitudinal _ magnetizationS(t) 0.9+
However, in the interpretation of powder spectra these defor™ 0-1& " ', @s shown in Fig. 4.

mations are likely to be more inconvenient. Moreover, the

linewidth of the lines increases more than one order of mag- ll. MAGNETIC HYPERFINE SHIFT
nitude neaiT sp,*® which is again less harmful for the deter-

mination of the center of the line in the study of single CIYS~4ion of the center of°Cu (1/2, —1/2) NMR line for HyllZ

tals, in comparison to the shift determination from the__. : .
position of the singularities in the powder spectra. We be2XIS: converted into the correspondiig; values. As the

X . , . hyperfine coupling is the strongest in this direction, these
lieve that_ minor differences in thie values found here and data are those for which the error in the determination of the
reported in Ref. 12 should be related to these problems.

The signal loss due to large valuesT§? is particularly T dependence df is minimal. These data, taken at 103.282

important in theU phase, where we were obliged to put theMHZ’ i.e., for magnetic field ranging from 8.4 to 8.9 T, are
echo(i.e., the signalwithin the ring-down time after ther

Note that in performing NMR studies in single crystals,

Figure 5 shows the temperature dependence of the posi-

/)

~

pulse (7~5 us). While the corresponding modifications in AR R
the NMR spectra are not important for the interpretation, as Z ::;‘;QTT e e RV
discussed above, the effects are much more harmful for the 4T ' v 112 8
T, determination. In short, measurements in thephase 3t - ' ' 1 4o 5_-]
could be performed only fdHyllZ axis where botfT; andT, g 5L “+r .__,A.«-"“ -
are significantly longer than for other orientations of the N s 2f /" 1408 3.,
field. Although our attempt to determiflg  was unsuccess- X -1r Mol ‘/ 108 §
ful, it proved that reliablél; measurements with oL Z axis of < /"” Joa &
are not hopeless, but require special efforts in order to reduce ,L T i 02
the pulse lengths, ring-down time.g., using active damp- 1,at8T (10° emwmol)

ing), and the dead time of the receiver, significantly below T T e T '6'0"0'0

standard values.

Spin-lattice relaxation rate measurements have been per- Temperature (K)
formed in the configuratiomyllZ axis, on the central line, FIG. 5. Magnetic hyperfine shift taken at 8.4-8.9 T and 14.9
ie., (1/2, —1/2) transition of ®Cu, as this isotope corre- T as a function of temperature, compared to the macroscopic mag-
sponds to a longet, value and to a better separation be- netic susceptibilityy, data(Ref. 20 taken at 8 T. Plot of th& (T/
tween the NMR lines corresponding to two sitdsg. 3).  12.5 K) vs y,(T/13.1 K), shown in the inset, reveals that linear
Only the 14.9 T data were taken 8fCu isotope, and scaled relation holds at all values, once we take into account the difference
to ®T;! data by applying the correction factor in the transition temperatures.
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compared to the macroscopic magnetization Jateasured Aq 97—
_ . . oo =1_ _orb orb

at H,=8 Tla axis and converted to magnetic susceptibility. R, B(g,—2) Kzz/4KT™, 3

One can notice that, apart from the small difference in the 0 +

transition temperature, there is a precise linear dependeneeparameter which can be determined either from the anisot-

between the two quantities as revealed byKhe(T/12.5 K) ropy of theg tensor,A,/Ay=1.4, or from the orbital shift,

Vs x.(T/13.1 K) plot shown in the inset of Fig. 5. Neglecting 1.7%/(4x0.30%=1.4. Note that the following formulas are

the chemical shift, we have only weakly dependent on this parameter. The standard
expressiorf$ for A, andA, can be solved to obtain explicit

K oo(T)= K?yrg—"_AaXa(T)/(gaMBNA)v a=X,Y,Z, (1) formulas for the unknown parameters measuring the size of

the Cu™* ion and the core-polarization contribution to the

where A, is the hyperfine coupling tensoK°P is the  hyperfine coupling

temperature-independent orbital part of the shift, ahdis 4

Avogadro’s constant. Thus, the NMR data show that macro- , _ o (3= (A, —Ay) 9_( _2)( 1- 5/56

scopic magnetic susceptibility corresponds to the micro-'© “¥B A2\ 7710z A /Ay |

scopic spin susceptibility of copper electronic spins, in both 4

U andD phases. In particular, in the phase this confirms 5/56

the dimerization in which neighboring spins couple into true _

singlets, withno local AF variation of microscopic field; in Ace= _AO[A_O_ 77(9z72){ 1+ A1/Ao) } ®

Fig. 3 we see thataway from the transitioff) the width of i ) i
Taking A;/A,=1.4, we obtain A;=891 kOe, i.e.,
€#r‘3>=7.1>< ao®, a value which is somewhat closer to the

the NMR lines is essentially the same in both phases.

Before starting the discussion on the hyperfine couplin / i
tensor, let us remark that the differenceTige for the two  Te€-ion value(7.5xa, ) than for other copper salfs.The
measurements of Fig. 5 can be related to the magnetic fielfPre polarization Acp=—359 kOe (k=—Acd/A;=0.40), is
and orientation dependence Bfp, the orientation depen- /SO found to be stronger than the typical value for all the
dence coming(at least from the strong anisotropy of the transition-metal |ons,_|.e:250 kOe. Taking the latter value
Landefactorg (discussed belowas the theory predicts that 25 rather We_II established, we can expect t_hat at least some
ATsH(H) = — (gugH)?2 Note that the orientation dependence part of the difference between_ two valu_es is due to an iso-
of Te(H) is another source of problents addition to the trop!c su.pertransferred hyperfine couplm@)(to the elec- _
very strong increase of linewidths &tp) in the interpreta- 7ONIC spins on the two NN coppers, for which we can esti-
tion of powder spectra, which is a possible reason why ItohMateé an upper limif—2B|<100 kOe. In fact, from the

Hirashima, and Motoy reported some deviations from the analysis of thef; data in theU phase, given in the following
linear dependence of E(L), just belowTsp. section, a considerably smaller value is dedudge,—11

The hyperfine coupling tensaok, has been determined kOe. . )
from the change of the shift values between 20 and 4.2 K, |° compare the8 value to other available data, we first
reported in Table I, compared to the corresponding variatiof©t€ that in the similar Cuibased systems there should be

of macroscopic susceptibility. The fully, tensor has been 2 rélation between the spin-spin couplih@nd theB hyper-
calculated fromAy,(8 T)=1.32x10 3 emu/mol® taking fine coupling, as both quantities are related to the transfer

into account that susceptibility data confirm thatg?, i.e., integralt. In the copper oxidg higfi, superconductors t@
the spin polarization, is isotropic. The declared experimentaf/ues range from 80 kOe in YBAUO; ., 10 140 kOe in
error of =4 kOe on theA,, tensor corresponds to the uncer- 19B&C&Cu:0g,. 5 for J values which are one order of

tainty on the shift values only; the real error is most probablyMadnitude greater than in CuGgQVeglecting all the differ-
dominated by the susceptibility data. ences between two systems, a first guess for the order of

In order to proceed with the interpretation of thg ten- ~ Magnitude oB in CuGeQq is then given by a direct scaling
sor, we start with the transformation of thg tensor, Yi€lding [B|~10 kOe, quite in agreement with the values

9.=2.162, g,=2.266,g.=2.070%! to the XY Z coordinate  9iven above. . o
systentS (X=c axig). After solving the following equations, Note that the fullg-dependent hyperfine coupling is given

2 2
9($)°=0z008 ¢+ gysirr' o A.(de)=A,~ 2B[1-cogc0)], ®)
_ o _ o and it is clear that as far as the strongestlirection cou-
9y=0(37.59,  0a=0(52.5, pling is concerned, thB term brings a minog dependence,

one obtain¥ a nearly axial tensorg,=2.407,gy=2.004, reducing the coupling at the AF poigg=/c by only 9%
and gy =g, = 2.070. Taking into account the local environ- for B=—11 kOe. Note tha’,(q.) will provide the domi-
ment of copper spin and the valuesg@fandA tensors, it is nant contrlbutlo_n m_the‘l’2 (taken for any directionand in
evident that in the first approximation we can use the stanthe T1 for all directions away fromz. Unfortunately, the
dard descriptioff of a Cu* * ion in the crystal field of tetrag- 11, Values measured by NQRRefs. 12 and 16or NMR
onal symmetry, in which we take for the perpendicular di-(this paper are sensitive only toX andY components of
rection the average of values for and X direction, hyperfine coupling, for which the existence of sucB term
g, =2.037,A, =53 kOe. We start with the determination of leads to strong attenuation of the couplingcgt= /c, re-
the ratio of the energy leveld;=E,,,,—E,2_,2 and A,  sulting in the suppression of the AF fluctuations contribution
=Eyx,—Ex2_y2, toT, "
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broaden and we have detected that value3 oflepend on

1000 T T T T T T T T
E the position within the line shape, and observed increasing
a0l - ’ | deviations from the expected form of the relaxati(t). All
, these effects are converted into declared experimental errors.
o0l § | Note that at 8.9 T, the value &fgp is significantly higher
N i 5. > than at 14.9 T(Fig. 1), which explains the differences ob-
— [e) served neafl gp.
= 400r .i--ﬁ“’ ® H=149T Away from the transition there is no difference between
5 O pEseT the T;* data taken at 8.9 and 14.9 T, and the NMR values
20r =/ it i are essentially the same as those measured by the NQR, i.e.,
s, in zero field!®'2 We conclude that there is no field depen-
0 1 1 1 i 1 1

20 30 40 5 60
Temperature (K)

dence of thél';, and discuss the results within the framework
of theoretical results concerning the low-energy spin excita-

tions of a spin-1/2 Heisenberg AF chain in the case of zero
applied magnetic field. The excitations &at=0 are then
FIG. 6. Nuclear-spin-lattice relaxation rat&; ') of ®Cu for  gapped everywhere for all thpvectors in the Brillouin zone
HollZ axis at 14.9 T and 8.9 T, and the zero-field NQR databut for q=0 andq=. Only the g=7 mode, the spectral
(T11=Tingr /3) of Refs. 16 and 12. The dashed line is the bestweight of which diverges witho—0, contributes to the
fit to the numerical prediction of SandviRef. 27, where the only  nuclear spin-relaxation rate, while tge=0 mode has a van-
fit parameter is the transferred hyperfine coupiBrg—11 kOe. ishing spectral weight. At finite temperature, thhe0 mode
provides a contribution which increases with temperature.
Several calculations have been made to estimate the tempera-
ture dependence of the nuclear spin-lattice relaxation. In the
hypothesis of a simple Heisenberg AF chain with no next-

Finally, from the orbital shift, one can dedudg and the
spin-orbit coupling parametex:

_ 2/.-3 orb
Ao=16up(r °)/KzZ, (@) nearest-neighbor exchange interaction and a purely on-site,
g-independent, hyperfine coupling, the relaxation rate can be
A=—20(9z~2)/8. (8) expressed as
Taking K99=1.7%, we findA,=2.4 eV and\=-0.12 eV, -
the latter value being stronger than the free-ion véii8.10 1 hvAL ©
eV).22 We recall that this analysis corresponds to a simple T, PBT g

-1

(9a)

4a kBT

_ 2 4.
— 7| D=7aC{~1-15. (9b

ionic picture in which, moreover, the difference between the ) o 5 ]
X (chain and Y (perpendicular direction has been ne- WhereAT=(A%+Ag)/2 andpgis a weakly temperature de-
glected. Within these approximations, the description and th@éndent prefactor of the order of 0.3-0.5. The estimate by
deduced parameters are quite reasonable. Ehrenfreuncet al,“" based on the fermion representation and
In parallel to this work, Itohet al*® have performed the the random-phase approximation, led to
low magnetic field study of CuGeingle crystals with the )
complete determination d€ tensor. To determine thE de- ~0.3081-0 239< kB_T>
pendence oK, they used théHllb and c-axis data, while Po="%- ' J
our values correspond to thyllZ andc-axis configuration. . ] o
Nearly the same values are found for the spin paipand ~ Going beyond the mean-field approximation, SC%“{"‘S
slightly different values for the orbital paftvhich is more ~ calculated the dominant, AF contribution to the dynamic sus-
susceptible to experimental eryoftoh et a3 performed a  ceptibility x| (r,t) and x(q,w) using the bosonization of
full analysis of the data corresponding to the orthorhombidermion operators in the continuum limit, and scaling argu-
symmetry of the crystal field, confirming the approximation ments. In the Appendix we show that using these results,
in which the departures from the tetragonal symmetry are
essentially negligible. Note that within their notation the hy- - E
perfine coupling constants are divided by the corresponding PAr= T
g tensor values, leading to somewhat different parametriza-
tion of the data. The expressions for the susceptibility contain constants
andC, (of the order of 1 which cannot be evaluated within
this approach. However, the overall prefacibrcan be de-
V. UNIFORM PHASE termined with an accuracy better than 30% using the zero
As already discussed at the end of Sec. I, Themea-  temperaturey/ (q,T/wo—0) limit and various sum rule¥,
surements in thé&) phase could only be performed for the and these estimates give several values ranging from 1 to
orientationHllZ axis. Figure 6 presents a summary of the=1.45. The latter value is obtained from the static correlation
Tl’zl data taken at 8.9 and 14.9 T, compared to the knowrfunction, and should be preferred in the present context. Fi-
NQR dat&®!?scaled by the standard facof ' =T ;o3 nally, recent numerical Monte Carlo results of SandVike
The relatively important experimental error reported for thein @ very fine agreement with this value:
NMR data correspond to the previously discussed problems
concerning the loss of the signal intensity due to very short
T,. Moreover, as the temperature approachgs, the lines

keT
Prunf 0.1=kgT/J=0.3) 50.52{ 1— 1.02%} . (90
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Numerical results confirm that the AF fluctuations decrease

- e
on increasing temperature, in accord with the discussion of 100 ", o S REEXX)
analytical results of Schud2 given in the Appendix. Above s :?2: %
kgT/J~0.3, the increasing~0 contribution flattens out and 10F . Mool .
reverses the temperature dependenc& dfto a slowly in- Z -

0 5 10 15

creasing function.
Temperature (K)

Putting the numbers in E49¢), J=10.2 meV (118 K),’
A, =—53 kOe, for the®®Cu isotope we findat kgT/J=0.2,
Prum=0.41) a value ofT;'=4300 s, which is expected to ootk
be nearly temperature independent, in clear disagreement ' T e e e e e T,
with the data shown in Fig. 6. The experimental values are ) ’ ' T'_1 (K".) ' ’ ‘
much smaller, and roughly linearly dependent with the tem-

perature. The only possibility to reconcile the experimental .
T—llz with the simple Heisenberg AF chain, is to admit the FIG. 7. The low-temperatur®Cu T ! data taken at 103.3 MHz

2 f th f dh fi Bncal (=8.4T), HyllZ axis, show activated behavior below 5 K, where the
existence of the supertransterred hyperfine coupknaal- energy gap Eg) should no longer vary with temperature, as indi-

ready suggested by the interpretationkotensor, which in-  5iaq by the neutron data of Refs.(Squares and 8 (diamonds

troduces & dependence of the hyperfine coupling given byghown in the inset. The full line is slightly modified exponential fit,
Eq. (6). Indeed, the coupling constant for the AF fluctuations,g explained in the text.

then becomed\? .. =[ (Ax—4B)?+ (Ay—4B)?]/2, and rea-
sonable B values could produce strong filteringA A

. . ) e a seen by the inelastic neutron scatterfingith the
<Af) of this dominant part of dynamic susceptibility. On ?n;)grﬁgu)de of thye activation energy beingZSO/r(:gbigger.

the other handg~0 contribution strongly increases with These values are much lower th&n=2E, predicted by
temperature, providing a possible exp_lanation for th? experiEhrenfreund and Smith for the indirect thrgee—magnon pro-
mentally observed dependence. Using the numerical re- oo i orer to explain this value Bf, , we shall consider

sults of Sandvik’ the best fit to the data is obtained for e

a o R two models, originally proposed for Haldane gap systems.
B=—11 kOe, and it is shown by the dashed line in Fig. 6. rj5; * the phenomenological description proposed by
For a fit with only one adjustable parametee., theB cou- Gaveatet al 2 involves “one-magnon processes” which are

pIirE]), one cianhsee_ tha}t the agreeT]entkish_quri]te gohod._ .. usually forbidden, but allows for a finite lifetime of these
pparently the simplest way to check this hypothesis is toexcitations, due to higher-order process. The temperature de-
measureT, with the field perpendicular t& axis. In this

S ) ) . endence of; Lis then given by' exp(—E,/T), whereTl is
case the relaxation is dominated by theaxis fluctuations, b ! 9 I exp(—E, )

h d by th h h . ¢ the inverse of the lifetime of the “dressed magnon.” While,
enhanced by the much stronger hyperfine couphag for  gjoyy speaking, Ehrenfreund and Smftfound thatl” var-

whic_h .theq dependence inQUceq by tBeterm is es;entially ies as exp—E,/T), in Ref. 30 theT dependence df is left
negligible. Unfortuna}tely, in this case E() predicts an as a free pa?ameter and can Bendependentor weakly
extremely shorfl,, with values below 1Qus, and perform- dependentif for some reason the lifetime of the excitations

ing such _m(_eas_urements is not_ trivial; for example, the maiqs bounded by some valdg,. In this latter case one obtains
characteristic time irg(t), T,/6, is then of the same order as the experimentally observei, = E
g-

the length of the RF pulsdsee also the discussion at the end The other possible mechanism was proposed by Sagi and

of Sec. I). Affleck.®! They consider a relaxation mechanism, which is
due to fluctuations aroung=0, acting within theS=1 mani-
V. DIMERIZED PHASE

The principal characteristics of the dimerized phase,
namely the opening of a gap in the magnetic excitations, is
clearly seen in the strong decreaselgf below Tsp (Figs. 6
and 7. While the interpretation of the opening of the gap and
the corresponding temperature dependencg,oh the tem-
perature range of/2<T<Tgpis invariably difficult, one usu-
ally expects that, below approximatelyy2, when the gap 01
(inset to Fig. 7 and other properties of the system no longer
vary with temperatureT ; * acquires an Arrheniugr “acti-

-------

cnd a8
%

.......

0 2 4 6 8 10 19
Magnetic field (T)

vated”) temperature dependencE; ' exp(—E/kgT), re- adl . . . . X
flecting only the relaxation by the thermal excitations across 01 02 03 04 05 06 07 08
the gap. Indeed, as already found by NER? just below T (K"

Tspthe T dependence of ;* can be fitted by a power law

T '«T™ where, from our NMR data, the exponent pig. g The low-temperatur®Cu T1* data taken aHllZ axis
m(H,=8.6 T)=4.7£0.1 is somewhat smaller than the zero- 5t 6.6 T(squares 8.4 T (circles, 10.4 T (diamond$, 11.4 T (up
field values®**m(H,=0)=5.5. As shown in Figs. 7 and 8, triangles, and 0 T NQR data of Refs. 16 and 1dwn triangles
below ~5 K we do recover an activated behavior, with a The full lines are fits defining the corresponding energy gap, and the
magnetic-field dependent activation enerdy,). The field magnetic-field dependence of this gap is shown in the ifs®id
dependence dE, is found to be the same as for the energysquarel compared to the neutron data of Ref(open circles
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fold of the excitations, and can be expressed in terms of af these two processes, given by tkg functions in Egs.
two-magnon process. The resulting contribution Tg*  (10) and(11). Since we cannot guarantee such a precision in
strongly depends on the symmetry of the hyperfine Hamil-our crystal orientation, the interbranch mechanism may very
tonian. If the applied magnetic field is strictly parallel to the well apply to our data. By the way, E¢L1) fits well our data
principal axis of the hyperfine coupling tens@r axis in our  up toHy=10 T.

casg, only transverse fluctuations of the ty3 (t)S_(0) Let us now examine in more detail the dressed one-
are effective in relaxation, which require transitions betweermagnon picturé®3° The relaxation rate is considered to be
branches of the triplet excitations, i.Am=1 transitions. proportional to thgBose occupation numben(E) of mag-

For such an interbranch process, as long as the magnon disetic excitations, and to the corresponding dynamic structure
persion is purely parabolic and tlgeand field dependence of factor S(q,w):

the magnon scattering matrix element is negligible on the 1

energy scale defined by=gugH andkgT, the integral over Ty "= ATE S(d, @nvur~ 0)N(E4(Q)). (12)

the phase space for the scattering process weighted by t

h E h i ilabl
Boltzmann probability factor for the excitation yields: %rt e5(,0) andE,(q) we put the best estimates available

from the neutron data. The experimental data ondghae-
pendence of the energy dal3 are extrapolated to the com-

1T, = 1+exp(%”Ko(% p!ete 2D Brillpuin zone by the following numerical formula
B B given in Kelvin:
Xexp( _ M) 10 Eq(Q) ={A2+(182— A?)[ sin(qcc) 132
B

+(677—A?)[1+cogqub) 142, (13
whereKg is the modified Bessel function of order zero. In . o
the high-field limit, i.e., forh=2kgT, this expression is re- V;’]here the only parameter b the/bgaph Valm:Eg(?AF) at
duced to 1Tlinteroc\/m ext{ —E,(h=0)kgT], presenting a the AF wave vectoQ,r=(m/c,m/b). The structure factor is

approximatet b
field-independenactivation energy, which is in clear contra- PP y

diction with our experimental data. Only a low-field limit of S(0,0) < {[ 1+ (7— 0ce) 21+ (77— gpép) 2]} 22
Eqg. (10) would present some field dependence of the activa- p 1
tion energy, which is unfortunately below experimental reso- X{T[1+ (Eg(ap/T)<]} 5, (14

lution ash<E4(h=0).

However, as soon as longitudinal spin fluctuations
S,(t)S,(0) contribute to the relaxation, intrabranch processe
(Am=0 transition$ becomes authorized whatever is the sponding to the Fourier transfortat q~Q,e) of the equal-

value of the field. For each of the three branche®= e correlation function for an AF alternating chd:
—1,0,)), the contribution to the relaxation rate (SoS, ) (— 1)'(r/&) Yexp(—r/é). The energy-dependent
E. (h) part is described _by a Lorentzian. For small damplng
<K i onvr exdl — Im (11) (I'<A), the Lorentzian is reduced ib’Eg(q)z, and the relax-
Linwa, m~ 0\ 2Kk T kgT ation rate is simply given byT ; '«I'(T)f(A,T), where
o function f contains the sum oveg, which has to be evalu-
reflects the correspondin@ield dependent fom==1) en-  4teq numerically. Experimentally, only a weak, nonexponen-
ergy gapEy (h), making the relaxation due to the lowest 5] T dependence df(T) is compatible with ouf;* data,
branch a good candidate for the description of our experias if, e.g.,I" were limited by some intrinsic value. For sim-
mental data. In this formula, the nuclear spin-flip energyplicity, in our fit we take theT independent’, which means
fiogumr Provides the cutoff for the infrared divergence in the that the temperature dependenceTqf! is described by a
1D integral over the phase space for the scattering processingle fit parameter, namely the gAp These fits to the data,
In fact, the weak interchain couplinyf is expected to pro- taken at several values of magnetic field, are shown in Figs.
vide a more efficient cutoff of the order qfJJ’ 3> whichis 7 and 8. In the inset of Fig. 8 we see that the gap values
unfortunately another unknown parameter modifying The obtained in this way compare very well with neutron results,
dependence of relaxation. Note that in this case, the limiboth in the magnitude and in the magnetic-field dependence.
Ko(x<1)= In(2/x)—0.5772, which is usually applied to Eq. Note that the gap values are found to be~15% lower
(11 (Ref. 31) may no longer be valid. than the activation energieS, obtained directly from a
In practice, one possibility to observe intrabranch fluctuasimple Arrhenius plot. Indeed, the temperature dependence
tions comes from a nonalignment of the magnetic fidigl  of the sum over in Eqg. (12) is dominantly determined by
with a principal axis of the hyperfine coupling tensor. In thisthe Boltzmann factor exp-E4(q)/kgT) in the occupation
case and for amnisotropic coupling, the off-diagonal ele- numbern(E). The E, can thus be regarded as a sort of an
ments of the coupling tensdk,, and A,, will be nonzero, average oveEy(q) taken forq~Que, and weighted by the
allowing for a S,(t)S,(0) process. It can be shown that a Boltzmann factor. Thus, Eq12) putsA somewhat below the
misorientation of the order of a degree betwégyand thez  “raw” E, values. Furthermore, in the sum the domingnt
axis of the hyperfine coupling tensor is enough to render thelependence is given by the Boltzmann factor, making the fit
intrabranch contribution larger than the interbranch one, berelatively insensitive to the model chosen f&(qg,0). In fact,
cause of the very strong anisotropy of couplingif S(q,0) is replaced by a constant, the valuefofn the fits
[(AZZ/AXXYW)2~1OO] and according to the relative magnitude is decreased by only-6%.

where the correlation lengths are taken to fe3c and
,=b, as determined by neutrohd he g-dependent part of
(0,0) is taken to béthe square root of Lorentzian, corre-
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For magnetic fields close to the transition to thphase, fine couplings determined from the shift data. However,
our description of the relaxation rate may cease to be valigdvhen compared to the simple Heisenberg chain, the unex-
since the gap becomes comparable to the temperature and wectedly lowT; ' values and its quasilinedf dependence
can expect an increased contribution of the multiple magnon o suggestive Zof a filtering of the AF fluctuations. The ob-

8 . .
process’ Indeed,_ neaH,, we find th_e saturation of ”.‘A(H). served temperature dependence should then be associated
dependence, which may be an artifact of the admixed h|ghevrvith the 4=0 contribution. which has been shotrio in-
processes, increasing the effectivevalue of our fit. q= '

In Fig. 8 we have also presented a fit showing tiéweta- crease with temperature. In addition to that, we may also
tive extrapolation of the available NQR d&a2 to lower E€XPecta modification of ; due to various reasons: coupling

temperature. The corresponding valueAgH =0) is only an to t_he phpnons, i_nte_rc.hz.ain. coupling, or next-neare_st neigh-
indication that even at zero field the gap determined by neuP0ring spin coupling(if it is importang. Note that the inter-
trons and by NQR may be the same. We remark that irphain coupling is found to be as large H30 in theb direc-
zero-field the three magnon branches are superposed, whiéih (andJ/100 in thea direction.” The possibility that the
in the one{dressefimagnon picture means that bath=—1  Spin-Peierls transition in CuGg@s not related to the elastic
and1 branches will be active. As regards the description ofcoupling, but rather to the competing next-nearest-neighbor
two-magnon processésjntrabranch transitions will be de- Spin-spin coupling of the order of Q3has also been dis-
scribed by the same Eq1l) [with E(h=0), andwyyg  CUSSed recentls/ . .
replaced bywyqr] as the intrabranch transitions, making the A possible way to understand the relative weight of the
two processes indistinguishable. As already discussed, tH&=0 and AF contribution to local dynamic susceptibility,
frequency in theK, function in Eg.(11) should only be .., to coppefly, is to perform the oxygeh7_o NMR. By the
regarded as the infrared-divergence cutoff frequency, whickocal symmetry, for @) sites the AF contribution to oxygen
is at leastwyr and probably much higher in reality. Further- =T~ is filtered out, and comparison of copper and oxygen
more, the interbranch process will be allowed only if hg, ~ relaxation rates should bring the answer. However, only the
coupling is nonzero, which will happen if the principal — OXygen hyperfine shift data are available Yet.
axis of the EFG gradient does not coincide with the principal Another interesting point raised by the NMR data is the
axis of hyperfine coupling tensor. Altogether, it is very dif- absence of the field dependence of fig' in the uniform
ficult to predict the(relative) magnitude of two possible two- phase. Numerical results for the zero-temperature spectral
magnon processes. function perpendicular to the applied field, corresponding to
In conclusion, present experimental data do not allow foithe exact solution for 10 Heisenberg spins 1/2 in the mag-
the conclusion about the nature of the relaxation processetic field?® are indeed indicative of the field-independent
Further experimental information can certainly be providediotal spectral weight near the zero energy. However, the
by the full angle dependence of the relaxation rate, and bgpectral functions are significantly modified by the presence
extending the observed field dependence of relaxation to lowf the magnetic field, and we are not aware of any direct
magnetic field. calculation regarding the field dependencé of Note that a
negligible field dependence @f, has also been found by Cu
VI. CONCLUSION NMR in another spin-1/2 one-dimensional antiferromagnet,

. . SrCu0;.2® These results concern rather a low temperature
The single-crystal NMR data on CuGgfresented in this keT/J=<0.1, and they are thus complementary to our

paper provide a rather complete microscopic picture of thef<BT/J>O.1 data in theU phase of CuGeQ According to

uniform and_dimerized phase, corj:gérzning and completing thethe temperature range involved and the values of hyperfine
results obtained on powder samptés<As regards the static couplings, the SCUO; data concern the pure AF-fluctuation

properpes, the ”."ag”e“c _hyperfme shift tensor and the COM&ontribution toTl_l. They are also found in quantitative ac-
sponding hyperfine coupling tens@rable | and Refs. 12 and cord with theoretical predictions

13 are typical for a CU™ ion in a site possessir@pproxi- Finally, the low-tem eratur@’.l NMR data in the dimer-
mate tetragonal symmetry, withl,2_ 2> orbital pointing to- Y P 1z e

wards the nearest-neighboring2psites. However, the value ized phase clearly reflect the magn_etlc-fleld dependence of
of the core polarization coupling obtained from a quantita-tN€ energy gap. In an attempt to interpret these data, we
tive analysis is found to be unusually high, possibly due todiscussed several theoretically proposed processes. The
the presence of a small supertransferred hyperingerm th(ee—magnon proce?é‘spredlcts an activation energy to be
associated with the nearest neighbors. Such a term woufdVice the gap value, while the experimental activation energy
introduce aq dependence of the hyperfine coupling, which is!S rather close to the gap as deterrg&ned _by neutrons. Using
small for the direction of the local symmet#/axis (perpen-  the one-(dressesi magnon proce$3™ to fit the data, we
dicular tod,z_ 2 orbital), but may be very important for the found experimentally that the dampihigof this magnon is at
perpendicular directions where the on-site coupling is of thdnost weakly temperature dependent. However, the reasons
same order. This may lead to the filtering of the AF fluctua-for this absence of temperature dependence remains to be
tions contribution tdT; *, while the quantities for which the clarified. In the two-magnon interbranch proctsa field-

domi 7-axi ing is effecti T q independent activation energy is predicted, in contradiction
ominantZ-axis coupling is effective, namely,, T, and 15 the data. The two-magnon intrabranch process could ex-

T, for any direction, will be essentially unaffected by the plain the observed field dependence of the activation energy,
presence ofB term. Unfortunately, for technical reasons, put in this case the magnetic-field dependence of the relax-
only T, data are available so far, and we were not able tation does not correspond to the prediction. Moreover, this
use the anisotropy of; as a direct way to check the hyper- process is expected to be extremely angle sensitive, which
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remains to be verified. In short, the available experimentatan be used to determine the unknown prefaBterl—1.5,
data do not allow us to conclude which is the correct descripwhich is discussed by Mier et al?® The relaxation rate
tion;.more information should be obtained primarily b'y the TIl:2(7nAl)2TEqX;’(x(q1wNMR)/wNMR can be calculated
precise angle dependence measurements of relaxation, anding the limit value for w—0 of the integral
also by extending the field-dependence measuremi@tts [7 Im[p(w—k)p(w+k)]dk=w?, which is accurate to less
low temperaturgto cover the lower and zero magnetic field. than 1% forw<0.027. In this way we recover

Note that the above-mentioned two-magnon processes have . -

been discussédin the context of the Haldan®=1 antifer- T, =Dy ALl(mJ),

romagnetic chain, and it would be also interesting to recony vich is temperature independent. This is partly due to the

sider it 'gheorgtlcally n the _partlcular case Of. a Spln'Pe'erlsapproximations used in Ref. 25 in the Fourier transform of
system in which the excitation spectrum is different.

the real-space susceptibilityyy(r,t) to obtain xyx(q, ).
These approximations can be removedTif is calculated
directly from the real-space susceptibility using

We are indebted to P. Carretta and A. Sandvik for very "
useful discussions, to J. Chenavas for the determination of > X;x(q@)/w:j sin( wt) x'xx(r =0,t)/ wdt
the crystalline axes of the samples, and to P. Veillet for the q 0
magnetization measurements. The Grenoble High Magnetic "
Field Laboratory is “Laboratoire conventionae a EJ X (r=0)dt.
I'Universite Joseph-Fourier de Grenoble.” Laboratoire de 0
Spectromgie Physique is “UniteMixte de Recherche No.
5588 du Centre National de la Recherche Scientifique.”
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The temperature dependence Bf! is then given by the
integral

APPENDIX: T, OF A HEISENBERG CHAIN P N o s -1
I(7)=4 t3[ (2 +t?)sinh(t)] " 1dt
0

Neglecting the logarithmic corrections which are expected

to be important forT/J<0.1 (kg=1=%), the dominant con- _a_ 2
tribution to the spin susceptibility of a spin-1/2 Heisenberg 1=21lm+O(r),
AF chain is given b’ which multiplies the constanfT;! value derived from
n L ®):
v | w—vAQ w+vAq X0 )
XXX T MNP\ T amT P\ daT ) Tr1=1(2aT/3)Dy2A% /(7).
where p(X)=T(1/4—ix)/T'(3/4—ix), v=mJ/2,  Comparing this analytical expression for the AF contribution

Ag=q.—/c, and the unknown parametessand C, de- to T;?, to the Monte Carlo result oA Sandvik’ [for the
fined in Ref. 25 are contracted ©=mwaC?. The zero- case whereB is chosen to ensure the filtering of tioe=0

temperature limit contribution, i.e., to mak&\, (q=0)=0], we find that pa-
, 5 o112 rametersa=1.3 andD =1.6 provide a perfect fit to the nu-
Xxx(T/o—0)=D[w"—(cAq)‘] merical data in the temperature range<9T{J<0.4.
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