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NMR study of naturally occurring °C in the Haldane-gap material NiC,HgN,),NO,CIO,
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The spin-lattice relaxation tim&; of naturally occurring®®C in Ni(C,HgN,),NO,ClO,, a Haldane-gap
system commonly known as NENP, has been measured as a function of temp@ratdr&), magnetic field
(H=3.46 and 7.56 T, and crystal orientatiofia, b (the Ni chaing, and c axed. Using the established
magnetic-field dependence of the gap and the materials parameters known for NENP, the general trends of the
T, data can be reproduced by standard analysis with the assumption that the relaxation is governed by the
processes aj= 7. Most importantly, an unusual feature in thé|lb)=7.56 T data can only be explained by
using a temperature-dependent ¢e&0163-182807)04714-Q

Ever since theS=1 quasi-one-dimensional Heisenberg observation of “forbidden” transitions in electron spin reso-
antiferromagnetic material KEZ,HgN,),NO,[CIO,],> com-  nance(ESR experimentsi—4
monly known as NENP, was first identifie@Ref. 2 as a Although a self-consistent description of the important
Haldane-gap systefif, a wide variety of experimental materials parameters of NENP has emerged, we have been
probes have been used to study its static and dynamic magnotivated to pursue NMR experiments that probe the carbon
netic properties. To date, most of the experimental resultgnd nitrogen atoms which are physically closer to the Ni
may be explained by a spin Hamiltonian written as spins. Our efforts to observe signals arising from naturally

occurring*N and**N have not been successful to date; how-
H=—3> $-S.,+D> (SH2+E [(S92—(S)?] ever, we have succeeded in measuring the temperature, field,
i i i and crystalline orientation dependences of the spectraand
associated with the naturally occurrifff in a single crystal
. H. SG_1 G . & of NENP. Recently, nonproton NMR data have been re-
weH E. g9-5-J 2 S S @ ported on the Haldane-gap systems gB¥NiO; (Ref. 15
and AgVRS;.1%1" In this paper, the dynamic aspedi.,
T,) of our measurements will be presented, and the static
properties(i.e., spectrawill be reported elsewhere.

The NENP specimen was grown according to the proce-
dures outlined by Meyeet al! The single crystal possessed
nominal dimensions of $10x3 mnt, along thea, b (Ni
chain axig, andc axes respectively, as indicated by x-ray
measurements. Several N§iRand ultralow temperature
susceptibility® experiments have been performed on crystals
which have been produced from the same starting materials.
I;’he purity of one of the specimens made from these materi-
als h%s been investigated, and the results are given by Avenel
et al:

The NMR measurements were made in two different su-
?)erconducting magnets, one set persistent at 7.56 T and the
other operating at 3.46 T. A continuous fldtte cryostat
was used in conjunction with a homemade probe possessing
o . . low-temperature tunable capacitors and a sample rotating
> [S-D;-S—ueS-Gi-H] mechanism. A pulsed, quadrature-detected NMR spectrom-
ie(d) eter was utilized to obtain Fourier transformed spetifEhe

where the nearest-neighbor spin intrachain interacien
—(46+2) K, the single-ion anisotropyD/|J|=0.18+0.01,
the orthorhombic anisotropye/|J|=0.02+0.01, and the
nearest-neighbor spin interchain interactidhis given as
|37/3|~8x10"*> In addition, the presence of the finite an-
isotropy causes the Haldane gAp-0.411J| to be distorted
and to assume the values &f~14.3 K, A ~12.2 K, and
A,~29.0 K>® where it is important to note that, y, z cor-
respond to the, c, b crystal axes, respectively, with the
axis being along the chains.

One of the microscopic probes used to investigate NEN
has beertH NMR.”~19n fact, Chibaet al.” have discovered
the presence of a staggered moment due tdth2, a crystal
symmetry! The existence of the this staggered moment ha
been discussed theoreticalfy!? where the second and
fourth terms in Hamiltoniar{l) take the form of

I - - spin-lattice relaxation times were obtained by integrating the
+ 2, [S:DyS—ueS G2 Hl, (2)  spin echoes after variable delays and fitting the results with
1e(2) an exponential recovery curve. We used classic 90°—180°
where the subscripts 1 and 2 refer to the two possible orierpulse sequences with a full 16 cycle phase alteration, where
tations of the principal axes of tH2 andg tensors along the typically a 90° pulse was 2—gs. The phase cycling is used
chain. Although some questions remain open, Hamiltoniario eliminate spurious ringing from the two pulses sifice
(1), as amended by E@2), provides an explanation for the (=~80-100us) was short. Owing to the 1.1% natural abun-
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FIG. 1. The experimental data are shown in an Arrhenius plot FIG. 2. The susceptibility(T) as multiplied byT and measured
1T, vs 1T for various fields and orientations as indicated. Thein a magnetic field of 3.46 T applied parallel to theor b (chain

results of the data analysis, as described in the text, are shown ases, is shown as a function offl/and the lines are guides for the

various lines. With the exception of the(llb)=3.46 T line, the  eyes. The inset shows thgT)=M(T)/H data.

qualitative trends of the experimental data are reproduced by the

fitting analysis, especially the “bump” in thel(llb) =7.56 T data. ~ dependent gap to explain their data, and we will use a similar
procedure to model our results.

dance of°C and our minimum repetition time of four times  The temperature dependence of the magnetic susceptibil-

T, it was necessary to signal average for long periods ofty X(T)=M(T)/H was studied from 3.5 to 300 K in a com-

time, e.g., up to 12 h at 5 K, and our results are shown in FigMmercial superconducting quantum interference device mag-

1. It is noteworthy that our data are in thg(Hc—H)<kgT netometer, Fig. 2. Tr_le sample was housed in a gelcap which

limit, where H is the critical field needed to destroy the was held by a plastic straw. The background13|g_nal of the

Haldane phase. FoF>30 K, the data are independent of measurement is small compared.to the magnetization coming

field and crystal orientation. At approximately 30 K, tig from the sampl(_a, and no correction is necessary for the data

data evolve toward their low-temperature values with no obPresented herein. o o

servable differences between thida and Hllc orientations The _analy5|s .Of th_e nuclear spin-lattice relaxation time

for a given field. All of these general trends have been opdata: Fig. 1, begins with the expression

served in théH NMR work 2*%and the “bump” in theHIIb 1

data in 7.56 T is the most distinguishing feature. This behav- Z(H: T = 2

ior was not observed in thi NMgR stud%ﬁ'malthough the LB (Hi.T) 2 A @IS (g onna(@). (3

1/T, (HIb in 8 T) data of Gaveaet al X indicate a flat trend 0=q<

below~25 K and a sudden drop at5 K. The discrepancies where A (q) is the electron-nuclear hyperfine coupling,

between théH results"*®and our**C data may be due to the S (q,w,) is the dynamic structure factor of the magnetic

difference in the probe sites. Since th€ atoms are closer excitations, wy is the nuclear resonance frequency, and

to the Ni ions and far apart from each other, they are a bettefi (q) is the corresponding occupation function. At high

probe of the Ni antiferromagnetic fluctuations. Furthermoretemperatures, wherd wy<kgT, this expression may be

theH 1/T , values contain dipolar contributions from neigh- written a<°

boring H spins, and this effect may mask the “bump” fea-

ture. The “bump” behavior is not permitted by constant gap 1 5 ) Xo(Q,0p)

values which would be represented by straight lines on an 7~ (Hi,T)=ksT > 1AL ,

Arrhenius plot. In other words, the smallest possible gap of 'jT

nearly zero would be given by a horizontal line on such a

plot, and as a result, the “bump” feature would not be ex-wherevy, is the nuclear gyromagnetic ratio amfj(q,wN) is

plained. In fact, Gaveauetall® used a temperature- the dissipative portion of the dynamic susceptibility. In the

4

a=j,
O=qg=



55 BRIEF REPORTS 8081

Haldane phase, the dynamic structure factor of @y.is et all® only keep the term with the smallest gap in their
thought to possess a double-Lorentzian form givettas analyses of Eq(6). In addition, whereas Fujiwarat al®
took the damping contribution to be a constant, Regnault
S.(qon) = Sa0 1 et al® and Gaveaet al1° suggest a more complete approxi-
o0 0N ko Lo 1+[(q— )k +H{[hon—A T 2 mation is to consider
5

where S,4 represents a normalization coefficiert, is the

inverse correlation lengtt; is the fluctuation ratdi.e., the

intrinsic energy width andA is the Haldane energy gap.
In the following discussion, we will make the following

Io(H, T)=T,(0)n,(H,T), ()

where experimental evidence suggests fdl)<A.>%102
However, as suggested by Zheludstval?® who performed

> A ; neutron-scattering experiments on the Haldane gap material
general assumptions or approximatioria} the *C spins :
only couple to the nearest Ni iongb) the coefficients known as NINAZ, a constant term should dominate TheO

A (q)=~A"*{1-(4z/A")sin(q,b/2)codq,.a/2)}, and () behavior such that

A >fwy . In addition, we will assume thaf= is where all

the spectral weight is located, and this approximation is on F(HT)=T,1(0)+T,,exd —A(H,0/T]. (8
sound footing based upon experimental resdftand nu-
merical work?2~24In other words, the spin-lattice relaxation
time, which in principle sums over &jj values, is dominated
by the processes gt=. This last approximation is not valid

whenkgT<A, where the main contribution to thE, arises
from tBhe region nearq=0 as required b-)l?l energy Per as an exXp-A/T) form rather than as exp2A/T).2>%°

conservatiorf® For example, this limit is achieved in the The results obtained by Fujiwaed al? certainly suggest the
NMR work on AgVP,Ss.%’ F<,)r our and othérl® NMR ex.  necessity of this term. Furthermore, sirlGgis related to the
periments on NENPZ, energy conservation is maintained b agnetic effects, it may depend explicitly on magnetic field.

; ; 5
interactions with phonons and other processes. Furthermor dh|s deffect IS suppotr_te?_l kl)é' thg work dOf Regna&:ﬂtatlh Wh?

we will also assume that the density of magnetic excitation und a  magnetic-fie iependence o e form
is given by the Fermi-Dirac distribution. Our choice is made 1+B(H/H)%, where § is a fiting parameter. Of course,
for consistency with the magnetic-field dependence of th&are must be take.n V\_/hen using this functional form.smce
Haldane gap that will be discussed later. In fact, our data igtaggered magnetization effects may caig to be ill

: 11,12 H :
not capable of distinguishing between the appropriateness gfef'nzd' t(h)urt att?jm[:'[)rt]s tto usebthls‘;g_rm (11)|dgottﬁdec:ﬁately
our choice versus Bose-Einstein or Boltzmann statistics. FircProduce the trends that we obser @. 1). On the other

; : : ._hand, our data seem to reflect a magnetic-field dependence
nally, we will assume that the inverse correlation length is .
givgn by the simple expressiog,=A Jc,, Wherec, is thge given by {1+H/H}, whereH,=33 T=kg|J|/(gpg) when

. . . : |J|=46 K andg=2.1.
spin wave velocity. Granting these points, &8 becomes The question of the temperature dependence of the

The zero-temperature limit df, may be defined by crystal-
line defects, end-chain spins, staggered magnetization, or
other possible effects. In any event, this contribution will
allow the low-temperature behavior ofTL/, Eq. (6), to ap-

Al r Haldane gap has been investigated theoretittif?*° and
= (H;, )= > = . “(H'T)Z experimentally:®?3* For our analysis, we will take
1 o=k Aa(HT) [FA(H T +A5(H,T)] A (H,T) to be given as

1
e AR+ D) ©) Ay(H,T)=A,(H,0+V6A,(H,OT eXp(—Aa(H,O)/T)(,g)

where all the magnetic-field and temperature dependencies _ _ )
have been explicitly noted and the coefficieAts have ab- Where d is the adjustable parameter. A value &2 is

sorbed the constants. expected theoreticalf, while 6=0.11 was obtained from
The question of the field dependence of the gap has bedfutron-scattering work using NINAZ
addressed by neutrénESR*!* and specific-heaf experi- Given the above preamble, we are ready to use(&qo

ments and numerous theoretical treatments. So, we will takft the Ty data shown in Fig. 1. The results of the fit are
this dependence from the literature, see for example @ys. SPOWN in Fig. 1 with I, /A, (H,00=T', J/A,(H,0)=
and (9) of Ref. 5 or Eq.(2.14) of Ref. 6. Additional choices = 0-1, andA,=A;=A,/100=1800. With the exception of
for the values of the necessary materials parameters will be H(IIb)=3.46 T data, all the trends in the data are quali-
guided by the neutron-scattering results obtained on a staf@tively reproduced, especially the “bump” in the(iib)
dard, i.e., nondeuteratéd specimert, and the values of the =7-56 T data. In the present analysis, this “bump” feature is
Haldane gaps in zero magnetic field have been given in th@nly possible if the gaps are temperature dependent. Once a
opening paragraph. From Fig. 1, it is clear that we have nosmall b_ut finite 6 vglue is mcluded_ in the analysis, then a
been able to discriminate differences betweenhfia and ~ Subtle interplay exists between this parameter andithe
Hllc data. Consequently, we have tak&ép=A, =13 K and andI’, , values. The values of these last two parameters al-
A,=29 K. In addition, we will takeg,=2.08 (slightly differ- low I' (H,T) to meet the constraints established in other
ent than what one gets from susceptibjityand —experiments:®'%* Finally, although the result,=Aj is
gX:gy:2,16,5 not unexpected, we do not have an explanationAfpbeing
Since one of the gaps is much larger than the other whetwo orders of magnitude larger. This large size Af is
H is perpendicular to the chains, Fujiwatal® and Gaveau needed to reproduce the high-temperature dependence of the
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Hlla and Hlic results. Consequently, other factors like the In summary, the magnetic-field, temperature, and crystal
staggered magnetization or phonon interactions might influerientation dependence of olif measurements on naturally
ence the size of this value. occurring®®C in NENP can be explained when using values

It is noteworthy that other analysis procedures do not proof the Haldane gaps measured by other techniques. In addi-
vide a qualitative description of our data. For example, sumtion, our data in a magnetic field of 7.56 T oriented along the
ming overq values for different choices &(q, ») does not ~axis of the Ni chains can only be explained if a temperature-
improve the trends provided by the present work. In additiondependent Haldane gap is used. Additional work is needed to
the =0 limit analysis which is applicable to Ag\4Bs (Ref. clarify th_e role of the _staggered magnetization and the _role of
17) does not describe the data shown in Fig. 1. On the othetphonon interactions in the relaxation process, especially at
hand, the high-temperature datT<0.025 K1) shown in  ntermediate temperatures.

Fig. 1 have the temperature dependence given by(&q. We gratefully acknowledge conversations with Y. Ta-
namely 1T xxT, assuming thaty,(q,wy) is proportion  kano. This work was made possible, in part, by funding from
proportional to the static susceptibilig{T)=M(T)/H, see  the National Science Foundation through an individual re-
Fig. 2. Contrarily, using the same assumption, the,&T  search granfM.W.M.), No. DMR-9200671, and through
behavior, which may be expected in the Haldanesupport ofthe MRL Program at the Materials Research Cen-
phase!®253%s not reflected in the data far<40 K, whichis  ter of Northwestern UniversityW.P.H), Grant No. DMR-
also close tdJ|. 9120521.
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