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Spin dynamics in the linear-chainS=1 antiferromagnet Ni(C3HoN,),N3(ClO,)
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Magnetic  excitations in the quasi-one-dimensional Heisenberg spin-1  antiferromagnet
Ni(C3H 1N >) 2N3CIO,) (NINAZ) have been studied by single-crystal inelastic neutron scattering. A Haldane
gapA~3.6 meV in the spin excitation spectrum was observed in the vicinity of the antiferromagnetic wave
vector at low temperature and the dispersion relation was measured. The temperature dependence of the energy
gap A(T) was measured in the range 8—-50 K and was found to be inconsistent with the predictions of the
guantum nonlinearr model. The results are discussed in comparison with those found in the literature for
similar systems[S0163-182806)02022-X]

[. INTRODUCTION structurally  related to the extensively studied
[Ni(C,MgN,),INO,(CIO,) (NENP) (Refs. 16,20,21l and
Interest in low-dimensional quantum magnetism wasINi(CsH;oN7),INO,(CIO,) (NINO).?*?* Unlike these two
strongly renewed in 1983 by the theoretical results ofother compounds, wheris of the order of 50 K, the ex-
Haldane*2 Applying continuum field-theoretical models €hange constant in NINAZ is larger, approximately 145 K,
one-dimensional1D) Heisenberg quantum antiferromagnets @S deduced from magnetic susceptibility and optical birefrin-
(AF's), he suggested that famtegerspin systems the ground gence measuremerliSThis allows a test of the applicability

state is a nonmagnetic singlet with an exchange-induced er(?-f I?al_d?nebs ttheory(;/_\?fthm ?ne family oflstr_LFcr:]turlally related
ergy gapA in the magnetic excitation spectrum. materials, but on a ditferent energy scale. The larger energy

Since this breakthrough, much theoretical woPkhas scale of NINAZ makes it easier to explore the temperature

been aimed at clarifying the nature of the Haldane glroun(gjependence of the Haldane gap and other quantities of inter-

state and the low-lying magnetic excitations. Among the®St I the important limif <A.

most important theoretical and numerical predictions is the
fact that near the AF wave vectog€ m/a, a being the
interspin spacingthe magnetic excitations are well defined  The crystal structure of NINAZ has been studied by Ga-
and spin-wave-like. It was also demonstrated that theletet all’ At room temperature it is orthorhombic, with the
Haldane phase is not destroyed by weak interchairell constantsa=5.86 A, b=8.28 A, andc=15.15 A, the
interaction§® and single-ion easy-plane anisotropfed?  space group beingn2n. The Ni2* ions, each carrying spin
found in real quasi-1D materials. The first excited state isS=1, are arranged in chains along taeaxis (the x direc-
threefold degenerate in the isotrofideisenbery case. In  tion), the compound being strongly one dimensional. The
the case of easy-plane anisotropy the excitation spectrumingle-ion anisotropy is expected to be of easy-plane charac-
consists of a lower-lying doublet, with the associatetd ter. Notably, in NINAZ (unlike NENP there is only one Ni
(fluctuations of spin components perpendicularxto the  site per unit cell, and the 1D AF wave vectorsiga.
chain direction, and a higher-energy singlet with**. NINAZ single-crystal samples were grown at the Univer-
The Haldane conjecture was first put to the test by nusity of Florida particularly for our experiments. The samples
merical simulationg:'%*?~1° Experimental support for the were synthesized using a method similar to that of Gadet
theory was obtained by studying several quasi-1D spin-1 aret all’ Complete details of the sample preparation protocols
tiferromagnetic material§or a comprehensive reference list are given elsewherd. Well-shaped hexagonal deep blue
see Ref. 18 In this paper we present our single-crystal in- single crystals were obtained by growth out of an aqueous
elastic neutron scattering studies of the Haldane-gap systesolution. Preliminary neutron scattering work has been per-
Ni(C3H 10N ,) 2N 3(ClO,) (NINAZ).2~19 This material is formed on a protonated samplsample A, ~0.36 cn? in
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FIG. 1. Crystal mosaic of the deuterated NINAZ sample B be- = 7 (resoluﬁon T

fore cooling (a), peak splitting upon first coolingb), and after 501 IIT.? . T

cycling the sample several times through the phase trangition

Inset: schematic representation of the twinning in the low- 200+ [1.500.2]

temperature monoclinic phase. 50 T=30K

volume. More accurate data were later collected using a fully

deutera_ted sa_mpl@sample B, %Q.Z cnr. _ _ 1001

The inelastic neutron scattering experiments were carried
out on the H4M triple-axis spectrometer at the High Flux 50
Beam Reactor at the Brookhaven National Laboratory. Most 0

of the data were collected with a fixed final neutron energy
of 14.7 meV. A pyrolitic graphite filter was positioned after
the sample to reduce higher-order beam contamination. Sev-
eral collimation setups were used to meet the conflictingde
needs of resolution and intensity. A typical '420'-40' -
40" setup provided an energy resolution&=0.7 meV at
Q= [1.500, AE=0. The crystals were wrapped in alumi-

num foil, and mounted in a standard Displex refrigeratorground_ The horizontal bar shows the FWHM of the energy-

such that the (010) crystallographic planes lay in the scattetsroiected resolution function~0.95 meV athw=4.5 me\j.
ing plane of the spectrometer. Thus measurements could be

performed in the temperature range 7-300 K, and wave V€&ommona axis. Fortunately, for the quasi-1D case, the spin
tors of type[h O |] were accessible.

. . wave dispersiorperpendicularto the chain direction is ex-
The experiments were complicated by the fact that a b Perp

e Il. This implies that th
T~260 K NINAZ undergoes a structural phase transition, bected o be very sma 's implies that the magnetic in

. A elastic scattering depends only on the projection of the scat-
accompanied by a deterioration of the crystal. The low- g dep y proJ

i . tering vector on the& direction, and the magnetic scattering
temperature structure is not known precisely to date. It aPfnction may be approximated &g, )~S(q ), where
pt?:sl;ssoto_rrt])e motn?dml'.f' withb th%l unlql:re] axis, and q;=(g-a)/a®. The validity of this approximation was tested
B~ - 'he crystal spiits, presumably on the m|croscop|cby measuring the dispersion alowg, as described below.
scale, into two domains, the (chain andb (unique axes The two types of domains, sharing a comneaxis, should
being common to both domain types. The phase transitio y '

. ) L refore giv | contribution he magneti ring.
and domain formation was observed by monitoring some o?he efore give equal contributions to the magnetic scattering

the Bragg peaks while sweeping the sample temperature. The

low-temperature cell constants were determinaek5.722 lll. RESULTS AND DISCUSSION
A, c=15.328 A, andB=95.37°. Figure 1 illustrates the
effects of the phase transition on the crystal mosaic. The
mosaic spread of the crystals as grown is very small Most of our data were collected in the vicinity of the5
[~0.3°, Fig. 1a)]. After slowly cooling once to low tem- 0 0.2] position in reciprocal space, which, as far @sis
peratures, the mosaic increased irreversibly to a few degree®ncerned, is the AF reciprocal point. In this geometry the
full width at half maximum(FWHM), and split into do- magnetic inelastic intensity is  proportional to
mains, most of which had a commaraxis characterized by S, ) +$Y(q,w)~2S"(qj,w). In other words, only the
the splitting of thelh 0 0] peaks in a rocking curvgFig.  fluctuations of spin components perpendicular to the chain
1(b)]. A residual part of the crystal was split into domains direction contribute to the scattering.

having a commort axis, leading to some scattering at the  Typical constan) scans atQ=[1.5 0 0.3 (raw data
original[h 0 0] positions and splitting of0 0 k] peaks. collected at several temperatures are shown in Fig. 2. A dis-
After thermal cycling, the sample mosaic reached a stabléinct peak is observed at)~4 meV. It is attributed to the
configuration[Fig. 1(c)], with all of the domains having a low-lying excitation doublet from the Haldane ground state,

FIG. 2. Energy scangaw data taken atQ=[1.5 0 0.7 on the
uterated sample B of NINAZ at several temperatures. The solid
lines represent fits described in the text. The open circles in the
uppermost panel show the honmagnetic background measured at 8
KatQ=[1.6 0 0.7. The dotted line is the average constant back-

A. Measurements ofS* (g, w)
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and is centered at the Haldane gap energy. The energy regmint-by-point subtraction of the corresponding background
lution in our experiments is not sufficient to resolve the split-scans from the signal. Although the background is roughly
ting of the doublet by in-plane anisotropy. constant as a function of energy, there is some structure,
The magnetic cross section was measured by con§tant-most likely due to incoherent scattering from phonons. The
scans in theq range 0.47(%)/a<q;<0.53(2m)/a. The magnetic scattering measur(_ad at elevated temperatures was
nonmagnetic background in the vicinity of the 1D AF point @halyzed under the assumption of a flat background.
can be estimated by measuring the scattering at To analyze our data we utlll_zed_the foII(_)v_vmg empirical
[1.4 0 0.7 and[1.6 O 0.7 for the same energy transfers. formula to describe the dispersion in the vicinity of the 1D
This approach is based on the fact that the dispersion alorgF Planes:
the chains is very steep, and the damping increases dramati- ) 2
cally asqy deviates fromr/a; therefore a{1.6 0 0.3 the ho (q)= \/(AL)2+ col a— —) : 1
magnetic signal is absent, as shown in Fig. 2. At low tem- a
peratures the background correction was made using dire@the cross section was taken in the double-Lorentzian ¥orm

hSy 1
w, I 1+[(q— W/a)/KH]Z"'{ﬁ[w_wL(QM)]/FL}Z.

S'(q,w)=

(2)

HereI| is the fluctuation ratéintrinsic energy width, and We have also analyzed our data with a product-of-two-
x, =1/, the inverse correlation length. The cross sectionLorentzians cross section. This procedure yields basically the
(2), convoluted with the(1+3)-dimensional E,Q) spec- same quality of fits and very similar refined parameter val-
trometer resolution function, was fitted to the bulk of our ues. In other words, the quality of our data is not sufficient to
data (simultaneously to all the consta@-scan$ taken at
T=7.8 K, separately for samples A and B. The variable pa- . . .
rameters were the prefact®, andA, , «,, ', , andcg. 1507 NINAZ
The fitting results for both samples are summarized in Table
I. Note that an excellent fit is achieved. The refined param- T=7.8K
eters are slightly different for samples A and B, which is
possibly indicative of a difference in anisotropy constants.
Some experimental dathackground subtract¢cre shown
in Fig. 3 together with the data calculated using the refined
parameter values. The simulated inelastic intensity as a func-
tion of g, and energy transferfiw) is shown in a contour o+
plot in Fig. 4. It can be seen that the shape of the intensity
surface is strongly influenced by the experimental resolution,
which is just barely sufficient for a quantitative measurement
of S(q,w). The dispersion relation, calculated from the re-
fined values forA andcgy, is shown on the same plot.

The somewhat unconventional form, E®), for S(q,w)
was chosen, because it gives the theoretically predicted ex-
pression for the energy-integrated intensfyg). The latter
has a square root Lorentzi#aBQRL) form>21:2°

d ® B
) Vit (q—mla)??

TABLE I|. Refined parameters, characterizing the magnetic in- 501
elastic cross sectioB(qg,w) in NINAZ at T=7.8 K.

100

[0.505,0,0]

{

504

resolution

1001

[0.515,0,0]

Intensity (arb. units)

50

[0.52,0,-0.2]

Sample A(protonated Sample B(deuterate

A, (meV) 3.533) 3.61(2) 2! 4 6 8

ki (A 1 0.05422) 0.0264) E (meV)

', (meV) 0.235) 0.133) _

Co (MeVA) 1686) 1685) FIG. 3. Some typical consta®-scans collected on the deuter-

N2 280 380 ated sample B aT=7.8 K. The background has been subtracted.
Jata 0.99 103 The solid lines show the global fit with Eq&l) and (2). The hori-

X ) ' zontal bar shows the FWHM of the energy-projected resolution

8Number of data points used in fit. function (=0.95 meV athw=4.5 me\j.
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FIG. 4. Constant-intensity contours [ig, (A )] space, simu-
lated using Eqs(1) and (2), the refined parameter values, and the
known spectrometer resolution function. The heavy line shows the § /
experimental dispersion relatiqdeuterated NINAZT=7.8 K). OE)
o . E 0.5
distinguish the two forms for the cross section. r 1
After taking into account quantum renormalization cor-
rections for the spin wave velocity in @&=1 Heisenberg
antiferromagnetc, may be used to obtain the value for
J=c¢y/(2.72)~10.73 meV, which is reasonably consistent 0.0 r . T y
with the 12.5 meV value deduced from bulk measurem¥hts. 0 10 20 30 40
Note that the experimental ratib, /|J|~0.34 for NINAZ is T (K)
smaller than the theoretically predicted value of 0.41 for the
isotropic case, and very similar v, /|J|~0.3 observed in FIG. 5. (a) Measured temperature dependence of the Haldane

NENP;® even though the magnetic energy scale is differenyapA, in NINAZ. The solid line represents the best it to the data
in the latter material. A relation between the gap energysing the empirical formulds), with A(0)=3.6 meV anda=0.4

A, and the exchange constahfor the anisotropiccase was meV. The choicer=2=7A(0)=22.6 meV(dotted ling corresponds
numerically obtained by Golinelliet al,'®~*2 and allows to Eq.(4), as predicted by field theoretical analy$Refs. 26,27.

an estimate of the dimensionless rati/|J|~(O.41 The dot-dashed line is a fit to the empirical expressi@nwith
—-A /|\]|)/0_57~0_17 for NINAZ, which is also essentially 6=7.3 meV.(b) Temperature dependence of the fluctuation rate
equal to the value for NENP. The relatidn’~c,, which is (intrinsic energy widthIT", in Eq. ( 2). The solid line shows the best
considered to be a fundamental characteristic of the Haldarf8 With Eg. (8) with y=0.1 meV andl’y=2.1 meV.

phase, is satisfied by the refined parameter values, within ﬂﬁtig. 2). The inelastic peak broadens progressively with in-

estimated standard deviations. The main constants, Chara&r‘easingT and could not be observed above 50 K. The data
terizing the Haldane systems NINAZ, NENP, and NINO, are\yere analyzed using Egél) and(2). The spin wave velocity

compared in Table I1. co Was assumed to be temperature independent and the 7.8 K
value was used. Note that this assumption is required only to
B. Temperature dependence take proper account of the resolution effects and that the

The inelastic scans ft.5 0 0.4 were measured at several values forA, (T) extracted from the experiment& scans

temperatures in the range 8—40 K for the deuterated sampRye practically independent of the actual value ©f.
Figure 5a) shows the temperature dependence of the gap

valueA | .
There have been several theoretical works which pre-
dicted the temperature dependences of various characteristics

TABLE Il. Experimental|J|, A, andD values in three quasi-1D
S=1 Haldane systems.

NINAZ NENP NINO of Haldane-gap systems, including that &f (see, for ex-
[J] (meV) 10.72 4.7° 45¢ ample, Refs. 9,26,371t is generally agreed that the Haldane
A, (meV) 3.612 1.23° 1.2d gap shows activated behavior Bt»0. From an analysis of
D (meV) 1.82 0.85° 1.55¢ the quantum nonlinear model Jolicoeur and Golinelli have
derived the low¥ dependence of the Haldane gap in the
®This work. isotropic (Heisenbery case?’

bRenardet al. (Ref. 22; Regnaultet al. (Ref. 18.

‘Gadetet al. (Ref. 17. _ —A(0)
dHirota et al. (Ref. 23. A(T)~A(0)+v27rA(0)TeXp( — - (4
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In the presence of easy-plane anisotropy the Haldane triplet

is split, yielding two energy gapaA, and A,,. However,
according to Seechal®® even relatively strong anisotropy
does not change th& dependence appreciably. The low-
temperature expressidd) should remain valid for the low-
lying gapA , .2’ Equation(4), with A, (0) assumed to be 3.6
meV, is plotted as a dotted line in Fig(ah. Contrary to the

theoretical expectations, it is clearly inconsistent with the

experimental data on NINAZ.
Ma et al?® have used the forn¥) to obtain the tempera-

ture dependence of the instantaneous spin correlation length

1/k(T)=co/A(T) in NENP and compared the result to their

experimental data. They too have found a strong discrepancy
which they attributed to the fact that at high temperature; i.e.,

at T>A, the nonlinearc model is not applicable. For
T<A though, the nonlineas- model was seen to agree rea-

A. ZHELUDEV et al.
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sonably well with the observed temperature dependence of FIG. 6. Energy scan measured for the deuterated sample B at

the Haldane gaps in CsNighnd NENP?%?8|t is important

T=7.8 K and Q=[0.5 0 4.3, showing the two Haldane gap

to emphasize that in our case of NINAZ the data were CO|_modes in NINAZ. The background has been subtracted. The solid

lected atT<A,~40 K, but the discrepancy is still very
strong.
Having realized that Eq4) does not seem to work for

NINAZ, we have analyzed our data using an empirically

modified expression

—A(0)
T

(5

|

A(T)~A(0)+ Jﬁexp(

lines is a guide to the eye.

[(T)=y+Toexp —A/T). 8

We have used the value 3.6 meV for the Haldane dap
RefiningIl’, and y results in a reasonably good [fEig. 5(b),

solid ling] with y=0.1 meV and’,=2.1 meV. Equatior{8)
appears to describe the experimentally observed dependence
relatively well, but more precise measurements in a broader

The prefactora was treated as a parameter and refined tdemperature range are required to clarify this point.

best fit the experimental poinfagain,A(0) was fixed to 3.6
meV)]. The refinement yields a good fit witla=0.38(0.13)
meV [Fig. 5a), solid ling]. This is to be compared with the
theoretical predictiory=27A(0)~22.6 meV for NINAZ.

Ma et al. have fitted thei(T) data for NENP using an-
other empirical formul®

1 _ 1
x(T) ~ «(0)

[1—exp(—d8/T)], (6)
where it is the activation energy which is treated as an
adjustable parameter. They found EG) to be consistent
with their data in the entire experimentd@l range if § is
taken somewhat largeiby a factor of approximately 1)4
than the lower Haldane gafp;, in NENP. Note that this
formula is radically different from Eq$4) and(5), since it is
based on the idea that the energy scale relevant tolthe

dependence may be different from the Haldane gap value.

Developing this approach, we have analyzed du¢T) data
for NINAZ with

A (=4, (0)[1-exp—8/T)] @)

which is equivalent to Eq6), assumingA | =cgk, . Fixing
A, (0)=3.6 meV and refining’, we obtain a very good fit
[Fig. 5(@), dot-dashed ling The refined value for the activa-
tion energy6=7.3(0.4) meV is roughly twice as large as

C. Interchain interactions

To justify the approximation of replacing
S(g,0)=95(q,q9, ;) by S(q,w) we determined the gap
value for differenty, atQ =1.5(2m)/a, thatis, at the point
where the longitudinal dispersion is a minimum. The mea-
surements were performed on sample A'at7.8 K. Within
our experimental energy resolutipr=0.35 meV half width
at half maximum(HWHM)], no dispersion was observed.
Therefore an upper limit can be set on the interchain ex-
change constant’. Following the procedure used by Reg-
nault et al,'® we obtain the limiting value)’ <0.008 meV,
|3'13|<7x10 4, which is at least as low as in NENP. This
estimate is consistent with the fact that no long-range
ordering’~*°has been observed in NINAZ.

D. Attempts to measureS**(q, w)

An attempt was made to measure the gap valye for
the out-of-plane spin component energy scan@at[0.5 0
4.1]. The background was measured@t [0.6 0 4.1 and
Q= [0.4 0 4.1. In this geometry the inelastic intensity is
roughly proportional toS*(q),w)+5(q),®). The mag-
netic signal is slightly weakened by the magnetic form factor
of Ni?", fy=~0.9, for theseQ values. Unexpectedly, the
measurements were found to be heavily influenced by the

A, . In summary, the quality of our data does not allow us tomosaic spread of the crystal. The latter, after passing through

distinguish between the two empirical forrf® and(7), but
Eq. (4) is definitely inapplicable to NINAZ.

the structural phase transition several times, was found to be
as large as 1.5° for each domain tyjsee Fig. 1L The mag-

Figure 5b) shows the temperature dependence of thenetic inelastic scattering is localized in thin “sheets” in re-

fluctuation rateI’ in Eq. (2). One expects an activated
behaviot®

ciprocal spacg¢see Eq.(2)], i.e., atQ~(2n+1)m/a. The
crystal mosaicstretchesthe Q-space projection of the reso-
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lution ellipsoid in the directiorperpendicularto the scatter- similar to the structurally related NENP and NINO, apart
ing vector. Consequently there is a significant loss in intenfrom the difference in the energy scale of magnetic interac-
sity and q; resolution (defocusing, when the scattering tions. The most intriguing result is the unusual temperature
vector is nearly parallel to the “sheets.” A further compli- dependence of the Haldane gap which apparently is incon-
cation arises from the fact that the inelastic intensity atsistent with theoretical predictions.
q;=m/a should scal® as 1A. The numerical calculations
of Golinelli et al° suggestA ,,~0.41J|+1.4ID~6.5 meV ACKNOWLEDGMENTS
>A | . Therefore, theS** contribution to scattering is weak- )
ened. As a result, tha,, gap excitation is barely observable ~ One of us(S.E.N) would like to thank Brookhaven Na-
in theE scans aQ=[0.4 0 4.1 (Fig. 6). No deconvolution t|9r_1al Laboratory for hqspﬁqhty and fqr facilitating extended
analysis has been performed, due to the limited quality an¥iSits. Work at the University of Florida was supported by
quantity of data available. However, the experimentally dethe Division of Materials Sciences, U.S. Department of En-
termined valueA ,~6 meV is in good agreement with the €rgy, under Grant No. DE-FG05-92ER45268.E.N) and
theoretical prediction. by the National Science Foundation through Grant No.
DMR-9200671 (M.W.M.). Work at Brookhaven National
Laboratory was supported by the Division of Material Sci-
ences, U.S. Department of Energy, under Contract No. DE-
The quasi-1D Heisenberg antiferromagnet NINAZ wasAC02-76CH00016. Oak Ridge National Laboratory is man-
studied by single-crystal inelastic neutron scattering. Theaged by Lockheed Martin Energy Research Corp. for the
data were interpreted in the framework of the Haldane conU.S. Department of Energy under Contract No. DE-ACO05-
jecture. The results indicate that NINAZ is in many ways 960R22464.

IV. CONCLUSION
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