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Effect of S=3 fractional spin on nuclear magnetic relaxation in aS=1 Heisenberg
antiferromagnetic linear chain system
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The spin-lattice relaxation tim&; of proton in NENP was measured at low temperatures and at low fields
for a single crystal involving natural defects of 5%, one doped with a nonmagneti¢ ién of 1%, and pure
crystal. The magnetization recoveries exhibited{exi/;)*-type behaviors subsequent to exponential be-
haviors for initial time, which were qualitatively almost the same in all cases. The absolute values of the
corresponding relaxation rates for the former two crystals were much larger than those for the latter. These
features were reasonably explained by considering that fractional spins may play the role for thermal reservoir
as if a magnetic impurity in a nonmagnetic solid. It is speculated that the spin-lattice relaxation of the fractional
spin, the time of which is of the order of nuclear Larmor period, is determined by the collision with low-density
Haldane excitationd.50163-182@07)00445-9

There has been a considerable interest in the properties pfoton nuclear magnetic relaxation at low temperatures. The
the ground-state and magnetic excitationsSin1 Heisen- measurements were made, using a phase-coherent pulsed
berg antiferromagnetic linear cha(RlALC), since Haldane NMR spectrometer, for a single crystal with defects of 5%,
proposed his conjecture that the HALC with integer spinghe value of which has already been confirmed by magneti-

values has an energy gap between the first excited triplefytion measuremefitand for a single crystal doped with a
state and a nonmagnetic singlet ground statle nature of Zn*2 ion of 1%. For comparison, we also chose another

the ground state d6=1 HALC has been well understood in . .
pure single crystal. We observed the nuclear-magnetization

terms of the “valence-bond-solid,” so-called AKLT B =1—M(t)/M here M.~ is th i
(Affleck-Kennedy-Lieb-Tasaki model®> According to this recoverym(t) = (1)/Mo, whereMy is the magnetiza-
n at the thermal equilibrium, with low external field ap-

model, at both terminals of an open chain, there appears%\q d dicul he li hain al thexi
degree of freedom or fractional spin §f 1/2 which cannot  P'€9 Perpenaicuiar to the finear chain along Maxis.
Typical examples of the temperature dependences of

participate in the singlet pair formed between the two neigh- A ) :
boring sites ofS=1. The linear chain of Ni2 ion in the nuclear magnetization recoverieg(t) for NENP with de-

: fects obtained aty= 12 MHz are shown in Fig. 1, wheke)
compound NiC,HgN,) ,NO,(CIO,) (abbreviated as N . o
NENP) has been the subject of various experimental studie&Nd (b) represent semilogarithmic plots @fi(t) vs t and
, respectively. As is seen, the behavior ma{t) differs

as the most typical system for the realization of Haldane gaﬂ) ! _
for S=1 HALC. The presence of the fractional spin has depending on the temperature: At the temperatures above

been evidenced clearly by the measurement of ESR in NEN bout 8 _K’ the recovery Is weII_ c_iescribed by a single-
doped with magnetic Ct? ion* or a nonmagnetic ion such exponential function, thus determining the conventional re-
as zn"2.5 In an undoped sinéle crystal of NENP, the ESRIaxation timeT,, which is associated with thermal magnetic

signals due to the fractional spins caused by natural defecfCitations. While, at lower temperatures, the recovery be-
have been also observéd. comes nonsingle exponential as a whole. The long-time be-

Previously it was found that the relaxation tinTg of havior of lr/n(t) is des_cribed well by the function .Of
proton in NENP exhibits an anomalous behavior at low® P~ U7 %, wherer, is taken to be constant, and during

temperatured: The relaxation rateT; ' deviates seriously init!al timg m(t) fits weI'I a single-exponential function,
from its remarkable and rather monotonous temperature dé’yh'Ch defines an_oth.er time cons.tant for the recovery of
pendence between about 6 and 70 K, which is due to contrim(t)_' Hereafter this time constant is also express_eﬂflas
bution of thermally activated lowest magnetic excitations. _f|gure 2 shows the tempe_ratu_re_dependence‘l‘sléfand
Furthermore the relaxation rafe;* accompanies a peak, 71 at vy=12 MHz. The quite similar recovery curves of

which shifts to the lower-temperature side as the resonanc®(t) were observed for the Zif-doped NENP, and for pure

frequency vy becomes smaller. Since such anomalous beNENP. Figures 3 and 4 show the results for the temperature

haviors are found at low temperatures and at low fieldslependences of;* and r; * obtained atvy=18 MHz in
where the nonmagnetic character of the system is well de€se samples. As is seen in Figs. 2—4, the temperature de-
veloped, the predominance of another relaxation mechanisiendences of the time constafits and 7, are qualitatively

has been suggested. The purpose of the present work is 8most the same: There appears a maximum in eady of
clarify, in view of recent experimental findings of the frac- and 7 = at the same temperature. Thus, fluctuations of the
tional spin in NENP, the effect of the fractional spin on the local fields which govern the nuclear magnetization recovery
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FIG. 1. Examples of nuclear-magnetization recoverft) of
proton in NENP with defects for various temperatures measured at
vy=12 MHz with HL b axis: Semilogarithmic plots ofn(t) vst

andt? are represented ia) and (b), respectively.

may be essentially common. However, the absolute values of
the corresponding relaxation rates for the crystal with defect§!
and Zn"?-doped crystal are much larger than those for pur I
crystal. It is probable that a small amount of defects may b
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FIG. 3. Temperature dependences ®f' and ;' for
Zn"2-doped NENP1%) obtained atvy=18 MHz with HL b axis.

laxation in nonmagnetic solid including paramagnetic
impurity ® Let us first explain briefly the relevant theoretical
background. This theory is based on taking into account, in
addition to the interaction with the impurities via the aniso-
tropic dipolar coupling, the effect of spin diffusion as a
means of transporting the nuclear Zeeman energy to para-
magnetic impurity. The dominant process is the one such
that the nuclear-spin flip occurs without accompanying the
electron spin flip. The relaxation rate of the nuclear dpiat
the positionr, caused directly by the fluctuation of the im-
purity spinS; at the positiorr; is given as Ty %),;=C/r®,
where the ternC is given as

2 ) Te

C= g(gMBYN) S(S+ 1)mN—T§- (8]

ere 7, is the longitudinal relaxation time of the impurity
ectron spin which is introduced by taking the correlation

é : H 4 Z! 2
m : )= —t/7). T
éunctlon of the for |Ike<Sl(t)SJ> S exp( t/ e) hen the

involved even in pure NENP. Thus, these experimental feaP€havior ofm(t) is determined by an ensemble average of

tures suggest strongly that the fractional spins at the termithe recoveriesn(r,,t) for the nuclei in various different
nals of finite Ni*2 linear chain play the role for the thermal €nvironments. Because of an average local-field produced by

reservoir for the proton magnetization recovery as if a mag{he impurity, the nuclei just in the neighborhood of each
impurity site cannot contribute to NMR observation, and also

netic impurity in nonmagnetic solid. : Y
In the following we shall analyze the experimental resultstN€y cannot take part in spin diffusion. Thus, for such a re-

for m(t) in view of the theory for the nuclear magnetic re- 9ion around each impurity site, we may define spheres char-
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FIG. 2. Temperature dependencesTgf* and r; * for NENP
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acterized by an exclusion radibg and by a diffusion-barrier the values ot andb, from Eqgs.(3) and(2). Other numeri-
radius b. In general, the relatiorb<by, (~1.4b) holds. cal values necessary for this evaluation afe=1/2,
When the nuclear-spin system is saturated initially, theN,=1.54x10*Ycm?3, and g=2.2. Referring to Fig. 2, we
nuclear magnetization recovers most rapidly atb, due to  obtain (C)ma=5.9X10 %% cm®/s, by=11x10"8 cm and

the relatively strong dipolar couplings. This results in a dif- c,=0.084. Using these values, the crossover tigis evalu-
ference in spin temperature of the nuclear-spin systemated as 2.7 ms, which is close to the experimental value.
which gives rise to the nuclear-spin diffusion. There are twoNote also that, should take the minimum aff{ ) ., and
limiting cases: In the diffusion-limited case, the bottleneck in(Tl—l)maX. We find such features in Fig. 1. Considering the
the relaxation process is the rate at which the nuclear Zegact that one defect produces two fractional spins, the con-
man energy can diffuse to the impurity sites. During the timecentrationc of the defects in this sample is evaluated to be
when the diffusion effect does not emerge, the configurationg — g.042. This value ot is reasonably compared with the
of the impurities which the nucleus sees differ at the nucleagnticipated value of 0.05. As for the temperature dependence
site, thusm(t) is not expected to be exponential. The use ofqt 7., We tentatively assume an activation-type equation

the continuum approximation yields an éxi{t/7))"?}-type  with the activation energy ot
recovery ofm(t) except for short initial timé&:'° While in

the rapid-diffusion-limit case, since the nuclear Zeeman en- Te= To€XP(A/KGT). 4

ergy can be redistributed among the nuclear spin system fast i i - i
enough to maintain the internal equilibrium, the bottleneck is! ne solid and dashed_lllnes in Fig. 2 represent, respectively,
the rate at which the nuclei locating near the vicinity of thetheoretical curves fo; = and 7, * obtained on the basis of
exclusion radius relax to the nearest impurity. In this caseEd- (4) by choosingA/kg=9.4 K as the best-fit value. Then
the recovery of the nuclear magnetization would follow an7o iS evaluated to be 3:81071s.
exponential function over the whole time, thus the nonexpo- We can evaluate similarly the values lnf andc, for the
nential behavior is missing_ case of the Zﬁz-doped NENP. We obtailb0=13>< 1078

Now we shall examine our experimental results. As iscm andce=0.082. This value is much larger as compared
seen in Fig. 1, the eXp-(t/7)"3-type behavior ofm(t) is  With the value ofc,=0.02 expected from the doping concen-
clearly observed, while the appearance of the effect of spiffation ¢’ of 1%. This may be ascribed to the presence of
diffusion is not obvious. So our result seems to correspondatural defects apart from the defects produced by dopant.
primarily to the diffusion-limited case. In the present case,Then, if we tentatively assume’ =0.01, the concentration
the fractional spin may be regarded as a magnetic impurityg of the natural defects is evaluated tod>e0.036. The solid
and the fractional spins &= 1/2 appear always as a pair of and dashed lines in Fig. 3 represent, respectively, theoretical
two effective spins at each of the defects or dopantZn curves forT;* and r; ' obtained by choosing the best-fit
ions. Here we assume for simplicity theg andb can be value of A/kg=8.4 K. As for pure NENP, we get=0.001
defined around each of fractional spins in a pair. Neglectingisingb,=11x 10"8 cm determined for NENP with defects.
the effect of spin diffusion, and using the continuum ap-The solid line is the best-fit theoretical curve with
proximation for the nuclear-spin system, we obtain the fol-A/kg=6.7 K. As is seen in Figs. 2—4, E¢) for 7, yields

lowing expressions fom(t);*° m(t) =exp(t/T,) with satisfactory agreement between the experiment and the cal-
culation by choosing an appropriate valueAgfalthough the
T, '=47Ngc.C/3b3 (t<b§/C) (2)  chosen value ofA scatters somewhat depending on the
sample. It turns out that the anomaly of the relaxation time
andm(t) ~ exp{— (t/7) "%} with provided in Ref. 7 should correspond to the behavior of the
1 oo 5 6 time constantT; introduced in the present analysis. It is
71 =[(413) T NoCe]°C  (t>bg/C), (3 added that the behaviors & * are very close to those re-

rted in Ref. 7 quantitatively as well as qualitatively.

The establishment of the spin temperature and the
nuclear-spin diffusion, which occurs extending over the crys-
tal, must be due to the proton-proton interactions between
the different GHgN, molecules in the neighboring chains
as well as along the chain. If we use the average distance of

i ih th ble of th di tocti U= 2.5x 108 cm for the relatively short distances of intermol-
plings with the ensemble of the surrounding effective spinsg.je protons, we obtain approximate value of

The above expressions predict tffgt" andr, * are propor- T,=40%x10% s. This value is consistent with the experi-
tional to the ternC, and toc, andc?, respectively. Thus the mental values of 30—4910"6 s. As for the diffusion con-
temperature dependences bf * and 7, * come only from  stantD, the expression for the configuration of simple cubic
7 in the termC, and the absolute values 3f " and7;*  lattice of the nuclear spins ofl=1/2 is given as
depend orc,. D=a?/50T,, wherea is the lattice spacing andl, is the
As is evidenced in Figs. 2—-4, the relaxation timg transverse relaxation tinfeApplying this expression to the
should increase with decreasing temperature. Then there apase of NENP, we obtain roughly=6.3x 10" '3 cm?/s, us-
pears a peak in botfi; * and 7; * at the temperature where ing an average value of 2&L0 8 cm fora and 4x10°° s
the relation wy7e=1 is satisfied. This relation yields the for T,. We can define, around each fractional spin, a sphere
maximum valueC,,, of the termC for eachwy . Then using of radiusry in which the nuclei reach thermal equilibrium
the peak valuesT(; %) max and (7 Y)max, We can determine during the timet, we have the relatiomy=(Ct)Y6, where

whereN, is density of the Ni 2 lattice sites of NENP, and po
C. is the concentration of the effective fractional spins. The
initial exponential recovery is due to the dipolar coupling
with only the nearest effective spin ob=1/2. At

t~to=b§/C, it tuns into the  subsequent
exp{—(t/7,)"%-type behavior, which results from the cou-
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C is given by Eqg.(1). On the other hand, the spin tempera- collision with the excitation, and the relaxation timg is

ture near the fractional spin may transfer, during the titne interpreted as the average collision time. It also follows that
to the distance~ry=(Dt)Y2 Thus, forry>r,, or for the Eq. (4) represents the temperature dependence of the prob-
time t>t;=C?D 32 the spin diffusion becomes effective, ability for the appearance of thermal excitation. Then the
and m(t) approaches a single-exponential recovery with garameterA may be taken to be the effective gap energy.
relaxation rate given asT{")q=4mNyCepD, Wherep is  The values ofs are somewhat smaller as compared with the
pseudopotential given as 0Q(D)Y® Then, using the established value of 14 K. At the present the reason for this
above values foff, andD, we obtain, for NENP with de- s not certain. The above speculation seems to be consistent
fects, the value of;=140 msec for T; ")max. It tums out  with the intensity of the ESR signal due to the fractional
that the relationty<t; holds at the relevant temperatures. spins: The intensity increases rapidly with decreasing tem-
The relaxation rateT; )4 is calculated to be 0.16'S for  perature because the resonance line is shifted largely out of
(T Hmax- This value is much smaller as compared with ex-the observation by collision with thermal excitation, thus the
perimental values of ; *. So the diffusion effect is found to number of chains without thermal excitations incredses.
be negligibly small, thus the ep(t/7)"?-type behavior The reason for the fact that the evaluated collision tirpe
lasts for a long time. This is the reason why the effect ofdoes not depend on the length of the chain in contrast to the
nuclear-spin diffusion is not observed obviously in theESR signal intensity may be ascribed to the difference in

present cases. . _ o time scale of the Larmor period between the nuclear and
Finally we discuss the spin-lattice relaxation timgof  glectron spins.
the fractional spin. The value of,, which is of the order of In conclusion, we have explained the anomalous behav-

1wy, is much shorter as compared with the spin-lattice réjors of the nuclear magnetization recovery of proton in
laxation time of the paramagnetic impurity in the usual non-\eNp with defects at low temperatures in terms of the effect
magnetic solid or intermetallic compound, which is of the ¢ oo spins ofS=1/2 at the terminals of ais=1

&rd?r of mictroseconds ?[.r g{ﬁforﬁs at "‘EUiq gl’lLiICIUid HALC of finite length by considering that the fractional
€ temperature, respeclively. AS the most probable réa- oo 4y play roles for thermal reservoir. As the most prob-

son, we suppose that the spm-lattlc_e_relaxgtlon of the fracz'able reason for the dynamics of the fractional spins, the col-
tional spin is governed by the collision with the thermal

e . . ; . lision with the low-density thermal Haldane excitations h
Haldane excitations in the linear chain, which propagate o S10 th the low-density thermal Haldane excitations has

. o : . een speculated.
the linear chain with an average spin-wave velocity. Then by
assuming that the density of Haldane excitations and their The authors wish to acknowledge Professor S. Maegawa
average velocity does not depend on the length of the chaimnd Dr. A. Oyamada for valuable discussions and useful ex-
we may speculate that the fractional spin is relaxed by on@erimental advice and help.
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