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%3Cu nuclear relaxation in the spin-Peierls compound CuGe@
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We have measured the temperature dependence of the nuclear spin-lattice relaxatioff;rated lthe
nuclear spin-spin relaxation rateThf due to indirect nuclear coupling fé&*Cu NQR in the spin-Peierl&SP
compound CuGegQ which undergoes the SP transitionTads~ 14 K, using a single crystal. We perform a
combined analysis of T and 1T,¢ on the basis of theoretical results recently obtained for Skel/2
one-dimensional Heisenberg antiferromagfi®HAF) model to clarify the spin dynamics. Consequently we
find that the spin dynamics abovesp in CuGeG; is not described by the pur§=1/2 1DHAF model.
[S0163-18286)52138-1

Nuclear relaxation measuremehtsin high-T, supercon-  resonance(NQR) in CuGeQ; may be understood by the
ducting copper oxides and related compounds have beelDHAF model****However, this has not been confirmed up
shown to be powerful techniques in studying the low-energyto now. In the present study, we have measured'tdepen-
spin dynamics of a two-dimensional quantum magnet. Irdence of 1T, for °*Cu NQR to further clarify the spin
particular, the nuclear spin-lattice relaxation rat&,1and  dynamics in CuGe@, using a single crystal. Also we have
the nuclear spin-spin relaxation raté 34 due to the indirect measured thd dependence of T4 up to 300 K. We will
coupling enable us to study the wave-veajatependence of Perform the combined analysis ofTl/and 1T, based on
the dynamical susceptibility(q,»). Recently, Sachdév the the_orencal r_esults for 1DHAF &= _1/2 _by Sachdev and
analytically derived in the low-temperature regionbkd  Sandvik, and discuss the spin dynamics in CugeO
(intrachain exchange interactipthe temperaturd depen- A single crystal of CuGe@was prepared by the floating
dence of 1T, and 1T, for a one-dimensional Heisenberg zone method. The sample was confirmed to be a single phase

: : : : . by x-ray analysis. The T4 and 1T,; measurements were
antiferromagne{1DHAF) with a half-integer spin, using the .
analytical (gxpr(ession )ofx(q ) at qfw gbtainedgby performed for®3Cu NQR by using a coherent pulsed spec-

. trometer. The rate T} was measured by the saturation re-
Schulz® Subsequently, Sandvik calculated fhelependence 1 :
of 1/T, and 17,5 up toT~J for the S=1/2 1DHAF model covery method, whereasTLi; was measured by changing

; | d _ the interval between focusing and refocusing rf pulses. A
using .quantu.m M_onte CarlQMC) an maX|mum-.entropy typical width of am pulse was 1.5usec, that is, the strength
analytic continuatiod. He showed the lowiF behavior pre-

. . , of the rf pulseH is 295 kHz which is comparable to the full
dicted by Sachdev persists up to a high temperaturGiq ot half maximum of the %Cu NQR spectrum
T~0.5, if the nuclear hyperfine form factdk(q) is peaked 35, 5 kHz, at 4.2 K. Therefore, the obtainedri¢ value

aroundq=. On the other hand, the=0 contribution be- o yrovide a slight underestimating of the indirect cou-
comes important even at low temperaturesi(f|) has sig- pling.

nificant weight forq~0. Experimentally, the nuclear relax- In general, the spin-echo amplitutié(27) as a function

ation measurements were recently reported for a typical¢ yhe time intervalr between focusing and refocusing rf
S=1/2 1DHAF SLCuO; with a largeJ of ~2200 K& and pulses is expressedTas g g

the experimental results were well reproduced by the analyti-
cal study for T<J.

Hase, Terasaki, and Uchinokura recently found a new in- M(27)= Moexp{
organic spin-Peierl$SP compound CuGe@ which under-
goes the SP transition @t~ 14 K.? There are in a unit cell
two elongated Cu@ octahedra which form linear chains where My is a value atr=0 of M(27) and 1T,y is the
along thec axis. This compound abovEspcan be treated as spin-echo decay rate due to the nuclear spin-lattice relaxation
a pseudo-1DHAF o§=1/2. The intrachain exchange con- process. The value of Tz can be estimated from theTl/
stantJ along thec axis in the form of2;;JSS; was reported data using the relation Tjg=(2+r)(1/T;) for NQR by the
to be 160 K(Ref. 10 and 150 K(Ref. 1] by theoretical Redfield theory’ In CuGeQ;, the anisotropy of 1;, r, was
analyses of the magnetic susceptibility, 120 K by the inelasestimated to be-1/37 from the anisotropy of the hyperfine
tic neutron-scattering measureméhand 183 K by the mag- coupling constant as will be discussed later. Based on the
netization study in ultra-high magnetic fieltfsPreviously, it T, data for %3Cu NQR in CuGeQ which will be presented
was pointed out that the overdll-dependence of T, mea-  below, theT,g process is concluded to have a negligible
sured aboveTgp up to 80 K for 3Cu nuclear quadrupole contribution to the spin-echo decay in CuGgO
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. , () FIG. 2. Temperature dependenceTof; /(T;\T) measured for
100 200 300 %3Cu NQR in CuGeQ. The solid curve with open circles represents
Temperature (K) the QMC result of the hyperfine ratR, =0 for theS=1/2 1DHAF
model (after Ref. 7.
FIG. 1. Temperature dependence(afthe Gaussian rate of the

nuclear spin-spin relaxation Tj; and the nuclear spin-lattice re-
laxation rate IT'; below 50 K, andb) 1/T, up to 300 K measured i = ﬂzz Af(q) M ©)
for 83Cu NQR in CuGeQ. T1 (hgue)™ G oy

We measuredM (27) for 3Cu NQR in theT range of Wwhere A?(q)=[A2(q) +A%()1/2, and w, is the nuclear
4.2-50 K. We clearly observed the Gaussian decay aboviearmor frequency!
~12 K, whereas below~12 K the deviation from the We will discuss 1T, and 1T,¢ aboveTgp in CuGeG;
Gaussian decay, which may be due to the modulation effectpased on theS=1/2 1DHAF model. In half-integer spin
appeared in the long-time range. Therefdrg was deter- chains, bothg=0 and 7 components of¢(q,») contribute
mined by the least-squares fitting of the data to @ywith-  to the nuclear relaxation. However, the= 7 contribution is
out including theT, term. Particularly below 12 K the fit- predominant foflT<J. In this case, Sachdev derived the fol-
ting was done only for the initial decay. Thus we found thelowing expressions for T, and 1T,g by neglecting the
T dependence of Thg as is presented in Fig(d). The rate g=0 component:
1/T,¢ gradually increases with decreasifig and after a
peak afl spdecreases with further decreasihgOn the other , T
hand, 1T, aboveTgpincreases with increasinf up to 300 7. oAL(m T (4)
K as is seen in Fig. (b). Below Tgp, 1/T; rapidly decreases !
due to the opening of the gap in the magnetic excitationand
spectrum, and th& dependence of T) is well traced by

T57303 571 a5 the same as the previous repdrt.
The contribution of the nuclear dipole-dipole interaction i: 2( E, [P (5)
to 1/T,g in CuGeQ, is smaller than~1.3x 10° s™1, which Toe 774k N ckgT’

is evaluated by assuming that all Cu sites are equivalent.
Therefore 1T, in CuGeQ; is predominantly ascribed to the where Aj(m)=A,(7), D is an unknown parameter,

indirect nuclear spin-spin coupling. In this case,Tel)2is  1=8.44%5 ..., andc (=J/2) is the spinon velocity at
expressed for NQR as T=0 K58 If the ratio of 17T, to \T/T,g is taken, the pa-
rameterD is canceled out as
p
1T 56)%= o2 {|ALD]*x*
(UTys) 4ﬁ2(9#3)42q {IAL)]*x*(a) The _Af(w) 477\/k>3 ©
= \[—
|
(1AL Px(@) 12, 2 TT Aj(m 1 Ve

where p (=0.69 for ®3Cu) is the natural abundance Thus the ratiol,g/(T1\T) is independent oT at low tem-
of the nuclear spinf is the Planck’s constanty is the peratures. Figure 2 shows thel dependence of
electron g value, ug is the Bohr magneton, and(q)  T.c/(T1VT) in CuGeQ;. If the SP transition is removed
is the static susceptibility® In a 1DHAF, the form factor down toT=0 K, a finite value of~1.7x10 % K2 is ex-

of the hyperfine interaction is expressed astrapolated aff=0 K and should be compared with a value
A(q)=AD+2AMcosE) (a=x, y, andz) whereA® and  calculated from Eq(6). For this calculation, we must know a
A are anisotropic on-site and isotropic nearest-neighbovalue of A7(w)/Af(w). As was previously discussed from
coupling constants, respectively. On the other haril, i  the analysis of the hyperfine interactitit.” A is very
expressed as small in CuGeQ. Thus reasonably assumigf’=0, we
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FIG. 3. T/T 5 vs InQ/T) plot for the Gaussian nuclear spin-spin  FIG. 4. 17T, vs T/J plot for the nuclear spin-lattice relaxation
relaxation rate s measured for™®Cu NQR in CuGeQ. The  rate 1T, taken for 3Cu NQR in CuGeQ. The solid curves with
solid curves with several kinds of symbols represent QMC resultseveral kinds of symbols represent QMC results of various values
of various values of the hyperfine ratR) for the S=1/2 1IDHAF  of the hyperfine ratidR, for the S=1/2 1DHAF model(after Ref.
model (after Ref. 7. The right vertical axis can be referred for the 7). The right vertical axis can be referred for the experimental data
experimental datésolid circles, if AM=0. (solid circles, if AD=0.

obtain A, (m)/(2y,h)=A,(0)/(2y,i)=—24.4 KkOefug
and Ay(m)/(2y,h)=A)(0)/(2yh) = —209 kOeug (Refs.
18 and 19, where vy, is the nuclear gyromagnetic ratio,

2mx1.1285¢10° Hz/Qe for ®*Cu. Using J= 15_% K_Igr The QMC result ofR;, =0 cannot reproduce the experimen-
CuGeO3, TZG/(Tlﬁ) is evaluated to be 1610 * K™%, tal data of 1T. Also theT dependence due to the prefactor
which agrees with the extrapolated valueTat 0 K. In the InY3(A/J) which is seen in the QMC results below
finite T region aboveTsp, the QMC resultéare'available 10 7/3~0.4 conflicts with the experimental data. Thus we can-
compare the experimental dataTofs /(T1T) with theoreti- obtainR,, values which reproduce the experimental data
cal results for theS=1/2 1IDHAF model. The solid curve ¢ poth 177, "and 17,5 . This fact indicates that other relax-
with thle open circles represents the QMC result Ofytion mechanisms are present in fR€u nuclear relaxation
R,=A®/AD=0 (u=] andL) after correction fop, NQR, ot CuGeO,; and modify the pures=1/2 1DHAF dynamics.
hyperfine coupling constants, and a normalization factor. lipne of them seems to come from a second nearest-neighbor
should be noted that the QMC results fo=1, NMR, and  exchange interactiod, in the chain introduced indepen-
isotropicA(®) are presented in Ref. 7. THedependence of dently by Riera and Dob#{ (J,~0.36J, J~160 K) and by
the ratio in the QMC simulation seems to reproduce the excastilla et all! (J,=0.24), J~150 K) to explain the mag-
perimental results, because the QMC result provides a larggfetic susceptibility. Other origins may be interchain ex-
value than the Sachdev’s prediction of £6). as was pointed  change interactions which were estimated tdje 0.1J and
out in Ref. 7. However, only from these discussions Of\]a,\,_O'Ol] by the inelastic neutron-scattering studyA
T,6/(T1\T) we cannot conclude that the spin dynamics intheoretical study including such effects on the nuclear relax-
CuGeQ; is described by th&=1/2 1DHAF model. ation of the S=1/2 1DHAF is desired to understand
Next, we will discuss eacf dependence of T4 and  the nuclear magnetic relaxation in the uniform phase of
1/T,c aboveTsp. By considering the marginally irrelevant cuGe0;.
operator, Sachdéwredicted the correction of a multiplica- Below Tgp we have no available theories to describe
tive prefactor IF%(A/J), where A (~J) is an ultraviolet  1/T, in the dimerized phase of SP compounds. Alsb, 1/
cutoff, for both Eq.(4) of 1/T; and Eq.(5) of 1/T,c. Thus  which shows the characteristit dependence of>73+0.03
T/T 5 is expected to be a linear function of W) at low  just below T¢p, cannot be explained at present, although
temperatures. Figure 3 shows fRéT 55 vs InQ/T) plot with  there is a theoretical study of ti, mechanism including
QMC resultg of variousR; values for comparison. The right three pseudofermion excitations in the dimerized phase by
vertical axis can be referred for the experimental data, iEhrenfreund and Smitft. Further theories are desired to un-
AM=0 which corresponds t&®=0. The data abovdsp  derstand the presentTl result with the 1T, data in the
show theT dependence different from the QMC result of dimerized phase of CuGeQ
R;=0 and qualitatively similar to that of a positiv value. In summary, we measured tHedependence of T and
However, if A is present, theR| value seems not to be 1/T,g to understand the spin dynamics in the spin-Peierls
positive, becaus&® should be positive in the supertrans- compound CuGe@ Based on recent theoretical results for
ferred mechanism through the hybridization betweerthe S=1/2 1IDHAF model by Sachdev and Sandvik, we have
Cu(3dy2_,2) —O(2p) and Cu(4) 20 Even if R is positive,  performed the combined analysis off{/and 1T,c above
we cannot at the same time explain the following 1fata Tsp. We have found that the spin dynamics in CuGe®

by the QMC result withA®*) which may qualitatively repro-
duce the IF,; data. Figure 4 shows theTy/ vs T/J plot
with QMC resulté with variousR, values for comparison.
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not described by the pui®=1/2 1DHAF model. It has been We would like to thank Dr. M. Takigawa and Dr. Y. Itoh
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