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NMR study of naturally occurring 13C in the Haldane-gap material Ni„C2H8N2…2NO2ClO4
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The spin-lattice relaxation timeT1 of naturally occurring13C in Ni~C2H8N2!2NO2ClO4, a Haldane-gap
system commonly known as NENP, has been measured as a function of temperature~T.4 K!, magnetic field
~H53.46 and 7.56 T!, and crystal orientation@a, b ~the Ni chains!, and c axes#. Using the established
magnetic-field dependence of the gap and the materials parameters known for NENP, the general trends of the
T1 data can be reproduced by standard analysis with the assumption that the relaxation is governed by the
processes atq5p. Most importantly, an unusual feature in theH(ib)57.56 T data can only be explained by
using a temperature-dependent gap.@S0163-1829~97!04714-0#
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Ever since theS51 quasi-one-dimensional Heisenbe
antiferromagnetic material Ni~C2H8N2!2NO2@ClO4#,

1 com-
monly known as NENP, was first identified~Ref. 2! as a
Haldane-gap system,3,4 a wide variety of experimenta
probes have been used to study its static and dynamic m
netic properties. To date, most of the experimental res
may be explained by a spin Hamiltonian written as

H52J(
i
SW i•SW i111D(

i
~Si

z!21E(
i

@~Si
x!22~Si

y!2#

2mBHW •(
i
gJ•SW i2J8(

j
SW j•SW j11 , ~1!

where the nearest-neighbor spin intrachain interactionJ5
2~4662! K, the single-ion anisotropyD/uJu50.1860.01,
the orthorhombic anisotropyE/uJu50.0260.01, and the
nearest-neighbor spin interchain interactionJ8 is given as
uJ8/Ju'831024.5 In addition, the presence of the finite a
isotropy causes the Haldane gapD50.41 uJu to be distorted
and to assume the values ofDx'14.3 K, Dy'12.2 K, and
Dz'29.0 K,5,6 where it is important to note thatx, y, z cor-
respond to thea, c, b crystal axes, respectively, with theb
axis being along the chains.

One of the microscopic probes used to investigate NE
has been1H NMR.7–10 In fact, Chibaet al.7 have discovered
the presence of a staggered moment due to thePn21a crystal
symmetry.1 The existence of the this staggered moment
been discussed theoretically,11,12 where the second an
fourth terms in Hamiltonian~1! take the form of

(
iP~1!

@SW i•DJ 1•SW i2mBSW i•gJ1•HW #

1 (
iP~2!

@SW i•DJ 2•SW i2mBSW i•gJ2•HW #, ~2!

where the subscripts 1 and 2 refer to the two possible or
tations of the principal axes of theD andg tensors along the
chain. Although some questions remain open, Hamilton
~1!, as amended by Eq.~2!, provides an explanation for th
550163-1829/97/55~13!/8079~4!/$10.00
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observation of ‘‘forbidden’’ transitions in electron spin res
nance~ESR! experiments.11–14

Although a self-consistent description of the importa
materials parameters of NENP has emerged, we have b
motivated to pursue NMR experiments that probe the car
and nitrogen atoms which are physically closer to the
spins. Our efforts to observe signals arising from natura
occurring14N and15N have not been successful to date; ho
ever, we have succeeded in measuring the temperature,
and crystalline orientation dependences of the spectra anT1
associated with the naturally occurring13C in a single crystal
of NENP. Recently, nonproton NMR data have been
ported on the Haldane-gap systems of Y2BaNiO5 ~Ref. 15!
and AgVP2S6.

16,17 In this paper, the dynamic aspects~i.e.,
T1! of our measurements will be presented, and the st
properties~i.e., spectra! will be reported elsewhere.

The NENP specimen was grown according to the pro
dures outlined by Meyeret al.1 The single crystal possesse
nominal dimensions of 531033 mm3, along thea, b ~Ni
chain axis!, and c axes respectively, as indicated by x-ra
measurements. Several NMR8,9 and ultralow temperature
susceptibility18 experiments have been performed on cryst
which have been produced from the same starting mater
The purity of one of the specimens made from these mat
als has been investigated, and the results are given by Av
et al.18

The NMR measurements were made in two different
perconducting magnets, one set persistent at 7.56 T and
other operating at 3.46 T. A continuous flow4He cryostat
was used in conjunction with a homemade probe posses
low-temperature tunable capacitors and a sample rota
mechanism. A pulsed, quadrature-detected NMR spectr
eter was utilized to obtain Fourier transformed spectra.19 The
spin-lattice relaxation times were obtained by integrating
spin echoes after variable delays and fitting the results w
an exponential recovery curve. We used classic 90°–1
pulse sequences with a full 16 cycle phase alteration, wh
typically a 90° pulse was 2–3ms. The phase cycling is use
to eliminate spurious ringing from the two pulses sinceT2
~'80–100ms! was short. Owing to the 1.1% natural abu
8079 © 1997 The American Physical Society
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dance of13C and our minimum repetition time of four times
T1, it was necessary to signal average for long periods
time, e.g., up to 12 h at 5 K, and our results are shown in F
1. It is noteworthy that our data are in themB(HC2H),kBT
limit, where HC is the critical field needed to destroy the
Haldane phase. ForT.30 K, the data are independent o
field and crystal orientation. At approximately 30 K, theT1
data evolve toward their low-temperature values with no o
servable differences between theHia andHic orientations
for a given field. All of these general trends have been o
served in the1H NMR work,9,10 and the ‘‘bump’’ in theHib
data in 7.56 T is the most distinguishing feature. This beha
ior was not observed in the1H NMR studies,9,10although the
1/T1 ~Hib in 8 T! data of Gaveauet al.10 indicate a flat trend
below;25 K and a sudden drop at;5 K. The discrepancies
between the1H results9,10and our13C data may be due to the
difference in the probe sites. Since the13C atoms are closer
to the Ni ions and far apart from each other, they are a bet
probe of the Ni antiferromagnetic fluctuations. Furthermor
the 1H 1/T1 values contain dipolar contributions from neigh
boring 1H spins, and this effect may mask the ‘‘bump’’ fea
ture. The ‘‘bump’’ behavior is not permitted by constant ga
values which would be represented by straight lines on
Arrhenius plot. In other words, the smallest possible gap
nearly zero would be given by a horizontal line on such
plot, and as a result, the ‘‘bump’’ feature would not be ex
plained. In fact, Gaveauet al.10 used a temperature-

FIG. 1. The experimental data are shown in an Arrhenius p
1/T1 vs 1/T for various fields and orientations as indicated. Th
results of the data analysis, as described in the text, are shown
various lines. With the exception of theH(ib)53.46 T line, the
qualitative trends of the experimental data are reproduced by
fitting analysis, especially the ‘‘bump’’ in theH(ib)57.56 T data.
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dependent gap to explain their data, and we will use a sim
procedure to model our results.

The temperature dependence of the magnetic suscep
ity x(T)5M (T)/H was studied from 3.5 to 300 K in a com
mercial superconducting quantum interference device m
netometer, Fig. 2. The sample was housed in a gelcap w
was held by a plastic straw. The background signal of
measurement is small compared to the magnetization com
from the sample, and no correction is necessary for the d
presented herein.

The analysis of the nuclear spin-lattice relaxation tim
data, Fig. 1, begins with the expression20

1

T1
~Hî ,T!5 (

a5 ĵ ,k̂
0<q<p

uAa~q!u2Sa~q,vN!na~q!, ~3!

where Aa(q) is the electron-nuclear hyperfine couplin
Sa(q,vN) is the dynamic structure factor of the magne
excitations,vN is the nuclear resonance frequency, a
na(q) is the corresponding occupation function. At hig
temperatures, where\vN!kBT, this expression may be
written as20

1

T1
~Hî ,T!5gN

2kBT (
a5 ĵ ,k̂
0<q<p

uAa~q!u2
xa9 ~q,vN!

vN
, ~4!

wheregN is the nuclear gyromagnetic ratio andxa
9 (q,vN) is

the dissipative portion of the dynamic susceptibility. In t

t
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FIG. 2. The susceptibilityx(T) as multiplied byT and measured
in a magnetic field of 3.46 T applied parallel to thea or b ~chain!
axes, is shown as a function of 1/T, and the lines are guides for th
eyes. The inset shows thex(T)5M (T)/H data.
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Haldane phase, the dynamic structure factor of Eq.~3! is
thought to possess a double-Lorentzian form given as5,10

Sa~q,vN!5
Sa0

kaGa

1

11@~q2p!/ka#21$@\vN2Da#/Ga%2
,

~5!

whereSa0 represents a normalization coefficient,ka is the
inverse correlation length,G is the fluctuation rate~i.e., the
intrinsic energy width!, andD is the Haldane energy gap.

In the following discussion, we will make the followin
general assumptions or approximations:~a! the 13C spins
only couple to the nearest Ni ions,~b! the coefficients
Aa(q)'A82$12~4z/A8!sin~qzb/2!cos~qxa/2!%, and ~c!
Da@\vN . In addition, we will assume thatq5p is where all
the spectral weight is located, and this approximation is
sound footing based upon experimental results5,21 and nu-
merical work.22–24 In other words, the spin-lattice relaxatio
time, which in principle sums over allq values, is dominated
by the processes atq5p. This last approximation is not valid
whenkBT!D, where the main contribution to theT1 arises
from the region near q50 as required by energ
conservation.25 For example, this limit is achieved in th
NMR work on AgVP2S6.

17 For our and other9,10 NMR ex-
periments on NENP, energy conservation is maintained
interactions with phonons and other processes. Furtherm
we will also assume that the density of magnetic excitati
is given by the Fermi-Dirac distribution. Our choice is ma
for consistency with the magnetic-field dependence of
Haldane gap that will be discussed later. In fact, our dat
not capable of distinguishing between the appropriatenes
our choice versus Bose-Einstein or Boltzmann statistics.
nally, we will assume that the inverse correlation length
given by the simple expressionka5Da/c0, wherec0 is the
spin wave velocity. Granting these points, Eq.~3! becomes

1

T1
~Hî ,T!5 (

a5 ĵ ,k̂

Aa8

Da~H,T!

Ga~H,T!

@Ga
2~H,T!1Da

2~H,T!#

3
1

~exp@Da~H,T!/T#11!
, ~6!

where all the magnetic-field and temperature dependen
have been explicitly noted and the coefficientsAa8 have ab-
sorbed the constants.

The question of the field dependence of the gap has b
addressed by neutron,5 ESR,13,14 and specific-heat27 experi-
ments and numerous theoretical treatments. So, we will
this dependence from the literature, see for example Eqs~7!
and~9! of Ref. 5 or Eq.~2.14! of Ref. 6. Additional choices
for the values of the necessary materials parameters wi
guided by the neutron-scattering results obtained on a s
dard, i.e., nondeuterated,21 specimen,5 and the values of the
Haldane gaps in zero magnetic field have been given in
opening paragraph. From Fig. 1, it is clear that we have
been able to discriminate differences between theHia and
Hic data. Consequently, we have takenDx5Dy513 K and
Dz529 K. In addition, we will takegz52.08 ~slightly differ-
ent than what one gets from susceptibility! and
gx5gy52.16.5

Since one of the gaps is much larger than the other w
H is perpendicular to the chains, Fujiwaraet al.9 and Gaveau
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et al.10 only keep the term with the smallest gap in the
analyses of Eq.~6!. In addition, whereas Fujiwaraet al.9

took the damping contribution to be a constant, Regna
et al.5 and Gaveauet al.10 suggest a more complete approx
mation is to consider

Ga~H,T!5Ga~0!na~H,T!, ~7!

where experimental evidence suggests thatG~0!,D.5,9,10,21

However, as suggested by Zheludevet al.28 who performed
neutron-scattering experiments on the Haldane gap mat
known as NINAZ, a constant term should dominate theT→0
behavior such that

Ga~H,T!5Ga,1~0!1Ga,2 exp@2D~H,0!/T#. ~8!

The zero-temperature limit ofGa may be defined by crystal
line defects, end-chain spins, staggered magnetization
other possible effects. In any event, this contribution w
allow the low-temperature behavior of 1/T1, Eq. ~6!, to ap-
pear as an exp~2D/T! form rather than as exp~22D/T!.25,26

The results obtained by Fujiwaraet al.9 certainly suggest the
necessity of this term. Furthermore, sinceGa is related to the
magnetic effects, it may depend explicitly on magnetic fie
This effect is supported by the work of Regnaultet al.5 who
found a magnetic-field dependence of the fo
$11b(H/Hc)

2%, whereb is a fitting parameter. Of course
care must be taken when using this functional form sin
staggered magnetization effects may causeHc to be ill
defined.11,12Our attempts to use this form did not adequate
reproduce the trends that we observed~Fig. 1!. On the other
hand, our data seem to reflect a magnetic-field depende
given by $11H/H0%

2, whereH0533 T5kBuJu/(gmB) when
uJu546 K andg52.1.

The question of the temperature dependence of
Haldane gap has been investigated theoretically26,29,30 and
experimentally.10,28,31 For our analysis, we will take
Da(H,T) to be given as

Da~H,T!5Da~H,0!1AdDa~H,0!T exp~2Da~H,0!/T!,
~9!

where d is the adjustable parameter. A value ofd52p is
expected theoretically,26 while d50.11 was obtained from
neutron-scattering work using NINAZ.28

Given the above preamble, we are ready to use Eq.~6! to
fit the T1 data shown in Fig. 1. The results of the fit a
shown in Fig. 1 with Ga,1/Da(H,0)5Ga,2/Da(H,0)5d
50.1, andAx85Ay85Az8/10051800. With the exception of
theH(ib)53.46 T data, all the trends in the data are qua
tatively reproduced, especially the ‘‘bump’’ in theH(ib)
57.56 T data. In the present analysis, this ‘‘bump’’ feature
only possible if the gaps are temperature dependent. On
small but finited value is included in the analysis, then
subtle interplay exists between this parameter and theGa,1
andGa,2 values. The values of these last two parameters
low Ga(H,T) to meet the constraints established in oth
experiments.5,9,10,21 Finally, although the resultAx85Ay8 is
not unexpected, we do not have an explanation forAz8 being
two orders of magnitude larger. This large size ofAz8 is
needed to reproduce the high-temperature dependence o
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Hia andHic results. Consequently, other factors like t
staggered magnetization or phonon interactions might in
ence the size of this value.

It is noteworthy that other analysis procedures do not p
vide a qualitative description of our data. For example, su
ming overq values for different choices ofS(q,v) does not
improve the trends provided by the present work. In additi
theq50 limit analysis which is applicable to AgVP2S6 ~Ref.
17! does not describe the data shown in Fig. 1. On the o
hand, the high-temperature data~1/T,0.025 K21! shown in
Fig. 1 have the temperature dependence given by Eq.~4!,
namely 1/T1}xT, assuming thatxa9 (q,vN) is proportion
proportional to the static susceptibilityx(T)5M (T)/H, see
Fig. 2. Contrarily, using the same assumption, the 1/T1}xT
behavior, which may be expected in the Halda
phase,16,26,32is not reflected in the data forT,40 K, which is
also close touJu.
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In summary, the magnetic-field, temperature, and cry
orientation dependence of ourT1 measurements on naturall
occurring13C in NENP can be explained when using valu
of the Haldane gaps measured by other techniques. In a
tion, our data in a magnetic field of 7.56 T oriented along
axis of the Ni chains can only be explained if a temperatu
dependent Haldane gap is used. Additional work is neede
clarify the role of the staggered magnetization and the role
phonon interactions in the relaxation process, especiall
intermediate temperatures.

We gratefully acknowledge conversations with Y. T
kano. This work was made possible, in part, by funding fro
the National Science Foundation through an individual
search grant~M.W.M.!, No. DMR-9200671, and through
support of the MRL Program at the Materials Research C
ter of Northwestern University~W.P.H.!, Grant No. DMR-
9120521.
*Present address: Department of Physics and Astronomy, Un
sity of North Carolina, Chapel Hill, NC 27599-3255.

†Present address: Department of Physics, University of Florida,
Williamson Hall, P.O. Box 118440, Gainesville, FL 3261
8440.

‡Present address: Institute for Solid State Physics, University
Tokyo, Roppongi 7-22-1, Minato-ku, Tokyo 106, Japan.

1A. Meyer et al., Inorg. Chem.21, 1729~1982!.
2J. P. Renardet al., Europhys. Lett.3, 945 ~1987!.
3I. Affleck, J. Phys. Condens. Matter1, 3047~1989!.
4J. P. Renardet al., J. Magn. Magn. Mater.90 & 91, 213 ~1990!.
5L. P. Regnaultet al., Phys. Rev. B50, 9174~1994!.
6O. Golinelli, Th. Jolicoeur, and R. Lacaze, J. Phys. Conde
Matter5, 1399~1993!.

7M. Chiba et al., Phys. Rev. B44, 2838 ~1991!; 45, 5119~E!
~1991!; J. Magn. Magn. Mater.104–107, 807 ~1992!.

8T. Gotoet al., J. Phys. Soc. Jpn.59, 1135~1990!.
9N. Fujiwara et al., Phys. Rev. B45, 7837 ~1992!; 47, 11 860

~1993!.
10P. Gaveauet al., Europhys. Lett.12, 647 ~1990!.
11P. P. Mitra and B. I. Halperin, Phys. Rev. Lett.72, 912 ~1994!.
12T. Sakai and H. Shiba, J. Phys. Soc. Jpn.63, 867 ~1994!.
13T. M. Brill et al., Physica B204, 303 ~1995!.
er-

15
-

of

s.

14M. Sieling, W. Palme, and B. Luthi, Z. Phys. B96, 297 ~1995!.
15T. Shimizuet al., Phys. Rev. B52, R9835~1995!.
16M. Takigawaet al., Phys. Rev. B52, R13 087~1995!.
17M. Takigawaet al., Phys. Rev. Lett.76, 2173~1996!.
18O. Avenelet al., Phys. Rev. B46, 8655 ~1992!; J. Low Temp.

Phys.89, 547 ~1992!.
19A. Gibsonet al., Rev. Sci. Instrum.52, 1509~1981!.
20T. Moriya, Prog. Theor. Phys.16, 23 ~1956!; 16, 641 ~1956!; 28,

317 ~1962!.
21S. Maet al., Phys. Rev. Lett.69, 3571~1992!.
22M. Takahashi, Phys. Rev. Lett.62, 2313~1989!; Phys. Rev. B48,

311 ~1993!; 50, 3045~1994!.
23I. Affleck and R. A. Weston, Phys. Rev. B45, 4667~1992!.
24E. S. Sorensen and I. Affleck, Phys. Rev. B49, 13 235~1994!.
25J. Sagi and I. Affleck, Phys. Rev. B53, 9188~1996!.
26Th. Jolicoeur and O. Golinelli, Phys. Rev. B50, 9265~1994!.
27T. Kobayashiet al., J. Phys. Soc. Jpn.61, 1772~1992!.
28A. Zheludevet al., Phys. Rev. B53, 15 004~1996!.
29D. Senechal, Phys. Rev. B47, 8353~1993!.
30H. Wanget al., Phys. Rev. B51, 16 103~1995!.
31S. Maet al., Phys. Rev. B51, 3289~1995!.
32I. Affleck, Phys. Rev. B41, 6697~1990!.


