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Effect of S5 1
2 fractional spin on nuclear magnetic relaxation in aS51 Heisenberg

antiferromagnetic linear chain system
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The spin-lattice relaxation timeT1 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 nonmagnetic Zn12 ion of 1%, and pure
crystal. The magnetization recoveries exhibited exp$2(t/t1)

1/2%-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 excitations.@S0163-1829~97!00445-6#
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There has been a considerable interest in the propertie
the ground-state and magnetic excitations inS51 Heisen-
berg antiferromagnetic linear chain~HALC!, since Haldane
proposed his conjecture that the HALC with integer sp
values has an energy gap between the first excited tr
state and a nonmagnetic singlet ground state.1 The nature of
the ground state ofS51 HALC has been well understood i
terms of the ‘‘valence-bond-solid,’’ so-called AKLT
~Affleck-Kennedy-Lieb-Tasaki! model.2 According to this
model, at both terminals of an open chain, there appea
degree of freedom or fractional spin ofS51/2 which cannot
participate in the singlet pair formed between the two nei
boring sites ofS51. The linear chain of Ni12 ion in the
compound Ni~C2H8N2) 2NO2(ClO4) ~abbreviated as
NENP! has been the subject of various experimental stud
as the most typical system for the realization of Haldane
for S51 HALC.3 The presence of the fractional spin h
been evidenced clearly by the measurement of ESR in NE
doped with magnetic Cu12 ion,4 or a nonmagnetic ion suc
as Zn12.5 In an undoped single crystal of NENP, the ES
signals due to the fractional spins caused by natural def
have been also observed.6

Previously it was found that the relaxation timeT1 of
proton in NENP exhibits an anomalous behavior at l
temperatures:7 The relaxation rateT1

21 deviates seriously
from its remarkable and rather monotonous temperature
pendence between about 6 and 70 K, which is due to co
bution of thermally activated lowest magnetic excitation
Furthermore the relaxation rateT1

21 accompanies a peak
which shifts to the lower-temperature side as the resona
frequencynN becomes smaller. Since such anomalous
haviors are found at low temperatures and at low fie
where the nonmagnetic character of the system is well
veloped, the predominance of another relaxation mechan
has been suggested. The purpose of the present work
clarify, in view of recent experimental findings of the fra
tional spin in NENP, the effect of the fractional spin on t
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proton nuclear magnetic relaxation at low temperatures.
measurements were made, using a phase-coherent p
NMR spectrometer, for a single crystal with defects of 5
the value of which has already been confirmed by magn
zation measurement,4 and for a single crystal doped with
Zn12 ion of 1%. For comparison, we also chose anoth
pure single crystal. We observed the nuclear-magnetiza
recoverym(t)512M (t)/M0, whereM0 is the magnetiza-
tion at the thermal equilibrium, with low external field ap
plied perpendicular to the linear chain along theb axis.

Typical examples of the temperature dependences
nuclear magnetization recoveriesm(t) for NENP with de-
fects obtained atnN512 MHz are shown in Fig. 1, where~a!
and ~b! represent semilogarithmic plots ofm(t) vs t and
t1/2, respectively. As is seen, the behavior ofm(t) differs
depending on the temperature: At the temperatures ab
about 8 K, the recovery is well described by a sing
exponential function, thus determining the conventional
laxation timeT1, which is associated with thermal magnet
excitations. While, at lower temperatures, the recovery
comes nonsingle exponential as a whole. The long-time
havior of m(t) is described well by the function o
exp$2(t/t1)

1/2%, wheret1 is taken to be constant, and durin
initial time m(t) fits well a single-exponential function
which defines another time constant for the recovery
m(t). Hereafter this time constant is also expressed asT1.

Figure 2 shows the temperature dependences ofT1
21 and

t1
21 at nN512 MHz. The quite similar recovery curves o
m(t) were observed for the Zn12-doped NENP, and for pure
NENP. Figures 3 and 4 show the results for the tempera
dependences ofT1

21 and t1
21 obtained atnN518 MHz in

these samples. As is seen in Figs. 2–4, the temperature
pendences of the time constantsT1 and t1 are qualitatively
almost the same: There appears a maximum in each ofT1

21

and t1
21 at the same temperature. Thus, fluctuations of

local fields which govern the nuclear magnetization recov
2709 © 1997 The American Physical Society
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2710 55BRIEF REPORTS
may be essentially common. However, the absolute value
the corresponding relaxation rates for the crystal with defe
and Zn12-doped crystal are much larger than those for p
crystal. It is probable that a small amount of defects may
involved even in pure NENP. Thus, these experimental f
tures suggest strongly that the fractional spins at the te
nals of finite Ni12 linear chain play the role for the therma
reservoir for the proton magnetization recovery as if a m
netic impurity in nonmagnetic solid.

In the following we shall analyze the experimental resu
for m(t) in view of the theory for the nuclear magnetic r

FIG. 1. Examples of nuclear-magnetization recoverym(t) of
proton in NENP with defects for various temperatures measure
nN512 MHz with H'b axis: Semilogarithmic plots ofm(t) vs t
and t1/2 are represented in~a! and ~b!, respectively.

FIG. 2. Temperature dependences ofT1
21 and t1

21 for NENP
with defects obtained atnN512 MHz with H'b axis.
of
ts
e
e
-
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laxation in nonmagnetic solid including paramagne
impurity.8 Let us first explain briefly the relevant theoretic
background. This theory is based on taking into account
addition to the interaction with the impurities via the anis
tropic dipolar coupling, the effect of spin diffusion as
means of transporting the nuclear Zeeman energy to p
magnetic impurity. The dominant process is the one s
that the nuclear-spin flip occurs without accompanying
electron spin flip. The relaxation rate of the nuclear spinI n at
the positionrn caused directly by the fluctuation of the im
purity spinSj at the positionr j is given as (T1

21)n j5C/r n j
6

where the termC is given as

C5
2

5
~gmBgN!2S~S11!

te
11vN

2 te
2 . ~1!

Here te is the longitudinal relaxation time of the impurit
electron spin which is introduced by taking the correlati
function of the form like^Sj

z(t)Sj
z&5S2exp(2t/te). Then the

behavior ofm(t) is determined by an ensemble average
the recoveriesm(r n ,t) for the nuclei in various different
environments. Because of an average local-field produce
the impurity, the nuclei just in the neighborhood of ea
impurity site cannot contribute to NMR observation, and a
they cannot take part in spin diffusion. Thus, for such a
gion around each impurity site, we may define spheres c

at

FIG. 3. Temperature dependences ofT1
21 and t1

21 for
Zn12-doped NENP~1%! obtained atnN518 MHz with H'b axis.

FIG. 4. Temperature dependences ofT1
21 and t1

21 for pure
NENP obtained atnN518 MHz with H'b axis.
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55 2711BRIEF REPORTS
acterized by an exclusion radiusb0 and by a diffusion-barrier
radius b. In general, the relationb,b0 ('1.4b) holds.
When the nuclear-spin system is saturated initially,
nuclear magnetization recovers most rapidly atr n;b0 due to
the relatively strong dipolar couplings. This results in a d
ference in spin temperature of the nuclear-spin syst
which gives rise to the nuclear-spin diffusion. There are t
limiting cases: In the diffusion-limited case, the bottleneck
the relaxation process is the rate at which the nuclear Z
man energy can diffuse to the impurity sites. During the ti
when the diffusion effect does not emerge, the configurati
of the impurities which the nucleus sees differ at the nucl
site, thusm(t) is not expected to be exponential. The use
the continuum approximation yields an exp$2(t/t1)

1/2%-type
recovery ofm(t) except for short initial time.9,10 While in
the rapid-diffusion-limit case, since the nuclear Zeeman
ergy can be redistributed among the nuclear spin system
enough to maintain the internal equilibrium, the bottleneck
the rate at which the nuclei locating near the vicinity of t
exclusion radius relax to the nearest impurity. In this ca
the recovery of the nuclear magnetization would follow
exponential function over the whole time, thus the nonex
nential behavior is missing.

Now we shall examine our experimental results. As
seen in Fig. 1, the exp$2(t/t1)

1/2%-type behavior ofm(t) is
clearly observed, while the appearance of the effect of s
diffusion is not obvious. So our result seems to corresp
primarily to the diffusion-limited case. In the present ca
the fractional spin may be regarded as a magnetic impu
and the fractional spins ofS51/2 appear always as a pair o
two effective spins at each of the defects or dopant Zn12

ions. Here we assume for simplicity thatb0 and b can be
defined around each of fractional spins in a pair. Neglect
the effect of spin diffusion, and using the continuum a
proximation for the nuclear-spin system, we obtain the f
lowing expressions form(t);9,10m(t)5exp(2t/T1) with

T1
2154pN0ceC/3b0

3 ~ t,b0
6/C! ~2!

andm(t);exp$2(t/t1)
1/2% with

t1
215@~4/3!p3/2N0ce#

2C ~ t.b0
6/C!, ~3!

whereN0 is density of the Ni12 lattice sites of NENP, and
ce is the concentration of the effective fractional spins. T
initial exponential recovery is due to the dipolar coupli
with only the nearest effective spin ofS51/2. At
t;t05b0

6/C, it turns into the subsequen
exp$2(t/t1)

1/2%-type behavior, which results from the cou
plings with the ensemble of the surrounding effective spi
The above expressions predict thatT1

21 andt1
21 are propor-

tional to the termC, and toce andce
2 , respectively. Thus the

temperature dependences ofT1
21 and t1

21 come only from
te in the termC, and the absolute values ofT1

21 and t1
21

depend once .
As is evidenced in Figs. 2–4, the relaxation timete

should increase with decreasing temperature. Then there
pears a peak in bothT1

21 andt1
21 at the temperature wher

the relationvNte51 is satisfied. This relation yields th
maximum valueCmaxof the termC for eachvN . Then using
the peak values (T1

21)max and (t1
21)max, we can determine
e
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the values ofce andb0 from Eqs.~3! and~2!. Other numeri-
cal values necessary for this evaluation areS51/2,
N051.5431021/cm3, and g52.2. Referring to Fig. 2, we
obtain (C)max55.9310240 cm6/s, b051131028 cm and
ce50.084. Using these values, the crossover timet0 is evalu-
ated as 2.7 ms, which is close to the experimental va
Note also thatt0 should take the minimum at (T1

21)max and
(t1

21)max. We find such features in Fig. 1. Considering t
fact that one defect produces two fractional spins, the c
centrationc of the defects in this sample is evaluated to
c50.042. This value ofc is reasonably compared with th
anticipated value of 0.05. As for the temperature depende
of te , we tentatively assume an activation-type equat
with the activation energy ofD;

te5t0exp~D/kBT!. ~4!

The solid and dashed lines in Fig. 2 represent, respectiv
theoretical curves forT1

21 andt1
21 obtained on the basis o

Eq. ~4! by choosingD/kB59.4 K as the best-fit value. The
t0 is evaluated to be 3.8310210 s.

We can evaluate similarly the values ofb0 andce for the
case of the Zn12-doped NENP. We obtainb051331028

cm andce50.082. This value is much larger as compar
with the value ofce50.02 expected from the doping conce
tration c8 of 1%. This may be ascribed to the presence
natural defects apart from the defects produced by dop
Then, if we tentatively assumec850.01, the concentration
c of the natural defects is evaluated to bec50.036. The solid
and dashed lines in Fig. 3 represent, respectively, theore
curves forT1

21 and t1
21 obtained by choosing the best-fi

value ofD/kB58.4 K. As for pure NENP, we getc50.001
usingb051131028 cm determined for NENP with defects
The solid line is the best-fit theoretical curve wi
D/kB56.7 K. As is seen in Figs. 2–4, Eq.~4! for te yields
satisfactory agreement between the experiment and the
culation by choosing an appropriate value ofD, although the
chosen value ofD scatters somewhat depending on t
sample. It turns out that the anomaly of the relaxation ti
provided in Ref. 7 should correspond to the behavior of
time constantT1 introduced in the present analysis. It
added that the behaviors ofT1

21 are very close to those re
ported in Ref. 7 quantitatively as well as qualitatively.

The establishment of the spin temperature and
nuclear-spin diffusion, which occurs extending over the cr
tal, must be due to the proton-proton interactions betw
the different C2H8N2 molecules in the neighboring chain
as well as along the chain. If we use the average distanc
2.531028 cm for the relatively short distances of intermo
ecule protons, we obtain approximate value
T254031026 s. This value is consistent with the exper
mental values of 30–4031026 s. As for the diffusion con-
stantD, the expression for the configuration of simple cub
lattice of the nuclear spins ofI51/2 is given as
D5a2/50T2, wherea is the lattice spacing andT2 is the
transverse relaxation time.8 Applying this expression to the
case of NENP, we obtain roughlyD56.3310213 cm2/s, us-
ing an average value of 2.531028 cm for a and 431025 s
for T2. We can define, around each fractional spin, a sph
of radius r 0 in which the nuclei reach thermal equilibrium
during the timet, we have the relationr 05(Ct)1/6, where
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C is given by Eq.~1!. On the other hand, the spin temper
ture near the fractional spin may transfer, during the timet,
to the distance;r d5(Dt)1/2. Thus, for r d.r 0, or for the
time t.t15C1/2D23/2, the spin diffusion becomes effective
andm(t) approaches a single-exponential recovery with
relaxation rate given as (T1

21)d54pN0cerD, where r is
pseudopotential given as 0.7(C/D)1/4.8 Then, using the
above values forT2 andD, we obtain, for NENP with de-
fects, the value oft15140 msec for (T1

21)max. It turns out
that the relationt0!t1 holds at the relevant temperature
The relaxation rate (T1

21)d is calculated to be 0.16 s21 for
(T1

21)max. This value is much smaller as compared with e
perimental values ofT1

21. So the diffusion effect is found to
be negligibly small, thus the exp$2(t/t1)

1/2%-type behavior
lasts for a long time. This is the reason why the effect
nuclear-spin diffusion is not observed obviously in t
present cases.

Finally we discuss the spin-lattice relaxation timete of
the fractional spin. The value ofte , which is of the order of
1/vN , is much shorter as compared with the spin-lattice
laxation time of the paramagnetic impurity in the usual no
magnetic solid or intermetallic compound, which is of t
order of microseconds or of seconds at liquid N2 or liquid
He temperature, respectively.9,10 As the most probable rea
son, we suppose that the spin-lattice relaxation of the fr
tional spin is governed by the collision with the therm
Haldane excitations in the linear chain, which propagate
the linear chain with an average spin-wave velocity. Then
assuming that the density of Haldane excitations and t
average velocity does not depend on the length of the ch
we may speculate that the fractional spin is relaxed by
v.
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collision with the excitation, and the relaxation timete is
interpreted as the average collision time. It also follows t
Eq. ~4! represents the temperature dependence of the p
ability for the appearance of thermal excitation. Then
parameterD may be taken to be the effective gap ener
The values ofD are somewhat smaller as compared with
established value of 14 K. At the present the reason for
is not certain. The above speculation seems to be consi
with the intensity of the ESR signal due to the fraction
spins: The intensity increases rapidly with decreasing t
perature because the resonance line is shifted largely o
the observation by collision with thermal excitation, thus t
number of chains without thermal excitations increase11

The reason for the fact that the evaluated collision timete
does not depend on the length of the chain in contrast to
ESR signal intensity may be ascribed to the difference
time scale of the Larmor period between the nuclear
electron spins.

In conclusion, we have explained the anomalous beh
iors of the nuclear magnetization recovery of proton
NENP with defects at low temperatures in terms of the eff
of fractional spins ofS51/2 at the terminals of anS51
HALC of finite length by considering that the fraction
spins may play roles for thermal reservoir. As the most pr
able reason for the dynamics of the fractional spins, the
lision with the low-density thermal Haldane excitations h
been speculated.
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