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Inelastic neutron scattering on deuterated single-crystal samples is used to study Haldane-gap excitations in
the newS=1 one-dimensional quantum antiferromagnet NIP&N,) N5 (PF;), that was recently recognized
as an ideal model system for high-field studies. The Haldane gap enefgie9.42(3) meV, A,
=0.52(6) meV, and\,=1.9(1) meV, for excitations polarized along theb, andc crystallographic axes,
respectively, are measured. The dispersion relation is studied for momentum transfers both along and perpen-
dicular to the chains’ direction. The in-chain exchange consta®2.8 meV is found to be much larger than
interchain coupling,), = 1.8(4)x 102 meV and),=4(3)x10 % meV, along thés anda axes, respectively.
The results are discussed in the context of future experiments in high magnetic fields.
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[. INTRODUCTION parallel to the chain axjsis, in principle, accessible in a
neutron-scattering experiment. In practice, however it is
The unique properties of the one-dimensiondlD) easier to perform measurements with a magnetic field ap-
integer-spin Heisenberg antiferromagnietAF) have capti- plied perpendicular to the spin chains. The corresponding
vated the minds of condensed matter physicists for the lastritical field for NENP is, unfortunately, much largeit,
20 yr. In total defiance of the quasiclassical picture of mag=11-13 T. In any case, measurements deep within the
netism, the ground state in this system is a spin-singlet: &igh-field phase are not possible. Moreover, due to certain
“quantum spin liquid” with only short-rangéexponentially  structural features, there is a crossover rather than a true
decaying spin correlations. The excitation spectrum is alsophase transition to high field phase in NENP. This is because
unique and, even in the absense of any magnetic anisotropthe g tensors of theS=1 Ni?" ions are staggered in this
features a so-called Haldane energy 4djme wealth of the- compound and lead to an effective staggered field when an
oretical and experimental results accumulated to date preexternal uniform field is appliet’ % As a result, staggered
vides a fairly complete understanding of the physics in-magnetization appears at arbitrary weak applied fields, and
volved, and few mysteries remain as far as the behavior ofhere is no additional symmetry breaking that occutd at'®
the idealized model is concerned. Particularly revealing was The recent discovery of Ni(§D;4N,),Ns(PF;)
the neutron scattering work done on real quasi-oneNDMAP, a relatively easily crystallized Haldane-gap com-
dimensional(1D) S=1 HAF compounds such as CsNi¢l  pound with a critical field of only around 4 *¥,and no
Ni(C,HgN,),NO,(ClO,) (NENP),® and Y,BaNiOs.* staggering ofy tensors within spin chains, promises to make
One of the few remaining unresolved issues is the behavhe high-field phase readily accessible in neutron scattering
ior of Haldane-gap antiferromagnets in high magnetic fieldsstudies. The crystal structure of this material is similar to that
An external magnetic field splits the triplet of Haldane of NENP, and is visualized in Fig. 1. The antiformagnetic
excitations,*°?driving one of the modes to zero energy at (AF) spin chains run along the axis of the orthorhombic
some critical fieldH.. At this soft-mode quantum phase structure(space groupP,,, a=18.046 A, b=8.705 A,
transition, long-range antiferromagnetic correlations appeaindc=6.139 A), and are composed of octahedrally coordi-
In essence, the external field suppresses zero-point quantyatedS=1 Ni2* ions bridged by triplets of nitrogen atoms.
spin fluctuations that are responsible for the finite equal-timerhese |ong nitrogen bridges account for a relatively small
spin correlation length. Despite the success of high-field bullt,_-n5in AF exchange constadt=2.6 meV, as estimated

studies of several materials, it has been highly frustratinqrom bulk x(T) measurement$. Specific heat studies re-
that for most systems the high values of the critical fields '

preclude neutron scattering experiments. As a result, '[h\e/(ialed a transition to the high-field phasd—ﬂt—SlA _T’ and

properties of the high-field phase are still largely unknown. ItHc =58 T, extrapolated t—0, for a magnetic field ap-

is even unclear whether or not the high-field phase is comPlied parallglle and perpendicular to the chain axis,

mensurate, and virtually nothing is known about the excitalespectively>1® This anisotropy of critical field is attributed

tion spectrum. to single-ion easy-plane magnetic anisotropy of tﬂ)ﬁf.
Traditionally, NENP was the workhorse of high-field The anisotropy constant was obtained from bulk susceptibil-

studies. For this compound large single crystal samples caity data: D/J~0.3. Using the well-known numerical result

be fabricated, and the critical field,.=9 T (when applied A,~0.411+2pD, A,~0.41J—pD, p~2/3,>!" one can thus
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FIG. 1. A schematic view of the antiferromagnetic spin chains
in the NDMAP crystal structure. Only Ni, N, and C atoms are
shown.

estimate the Haldane gap energiag~2.1 meV andA, 40
~0.54 meV. 20_-
While NDMAP appears to be an ideal model system for 1
neutron scattering experiments in the high-field phase, addi 02
tional characterization, particularly a measurement of ex- '

change constants and and anisotropy parameters, is require ho (meV)
before such a study can be carried out. Finding the 3D AF
zone center is especially important, since it is at this wave
vector that static long-range correlations are expected to a

FIG. 2. Typical constan® scans measured at=1.2 K in an
NDMAP deuterated single crystal. Solid lines are based on global

pear in the high-field phase. In the present paper we repo its to the data, as described in the text. The shaded areas represent
the results of a zero-field inelastic neutron scattering study gf2"ia! contributions of the ankl axes polarized Haldane gap exci-
deuterated NDMAP single-crystal samples, aimed at obtaint_atlons to the intensity. T_he_dashed line |nd|_cate_s t_he background
ing this information ’ level. The magnetic excitations are resolution limited and peak

shapes are entirely defined by resolution effects.

Il. EXPERIMENTAL PROCEDURES AND RESULTS . . . .
was mounted with either tha or b crystallographic axis

Fully deuterated NDMAP single-crystal samples werevertical, making (&,l) and (,0]) reciprocal-space planes
grown from solution as described in Ref. 14. It was observediccessible to measurements. The sample was cooldd to
that the crystals tend to shatter when cooled to low tempera=1.4 K in an “ILL-Orange” cryostat with a 70 mm diam
ture, and even more so when warmed back up. Whesample well.
wrapped in aluminum foil the crystals do not fall apart, but Most of the data were collected in consté@hiscans at the
the width of the mosaic distribution increases with thermallD AF zone cented=0.5 in the energy transfer range
cycling. Most inelastic neutron scattering data were collected—-1 meV. In these dispersion measurements wave vector
on a 140 mg single-crystal sample that was taken through theesolution was particularly important, so a flat analyzer was
cooling cycle only twice. The mosaic of the as-grown sampleused. Typical scans for different momentum transfers per-
was roughly 0.3° and increased to 1.5° and 3° after the firgpendicular to thec axis are shown in Fig. 2. At all wave
and second cooling, respectively. vectors a well-defined peak corresponding to the lower-

High-resolution inelastic neutron scattering measurementsnergy Haldane excitation doublet is clearly seen around 0.5
were performed on the SPINS three-axis spectrometer infmeV energy transfer.
stalled on the cold neutron source at the National Institute of To observe the higher-energy Haldane-gap excitation and
Standards and Technology Center for Neutron Researchbtain an accurate measurement of the anisotropy constant
(NCNR). Pyrolitic graphite crystals set for thei@02) reflec-  we performed a consta@- scan in the range 0—-2.4 meV
tion were used as a monochromator and analyzer. Beam diFig. 3). To maximize intensity we used a horizontally fo-
vergences were approximately ‘4080 —80 —240 cusing analyzer pointing* towards the analyzer to maintain
through the instrument, with a cooled Be filter between thewave vector resolution along the chain. The scattering angle
monochromator and sample. The measurements were domas varied so the projection of wave vector transfer along
with a fixed final neutron energii;=2.8 meV. The crystal the chain was 0& throughout the scan. In addition to the
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FIG. 3. A constan®; scan measured in NDMAP using a hori-
zontally focusing analyzer configuration. Top axis shows the mo- 50 . . . .
mentum transfer perpendicular to the chain axis. Lines are as in Fig 1.3 1.4 15 1.6 1.7

2. ! (r.i.u.)

peak seen in the low-energy scans, a weaker feature is ob- FIG. 4. Constant-energy scans near the 1D AF zone cénter

served athw~2 meV that can be attributed to tlweaxis-  =1.5 (raw data , showing the dispersion of Haldane-gap excita-

polarized Haldane gap mode. tions in NDMAP along the chains axis. Solid lines are a fit to the
The steep dispersion along the chains direction is begtata as described in the text.

measured in constaf-scans well above the gap energy.

Given the small sample size intensity, which for_ antifgrro- (hao, q)ZZAi+U23ir]2(qC). )

magnetic spin waves scales aw lbecomes a serious lim- '

iting factor. To overcome this problem, the measurements : . Lo 20

were performed in a coarser resolution setup using a thermé[erev is the spin wave velocity, given by~2.49 J™"The

neutron beam at the BT-2 three-axis spectrometer at NCN __|r_n_enS|onIess constaﬁ_tdefmgs the static staggered suscep-

14.7 meV fixed-incident energy neutrons were used with 4/°ility of a Haldane spin chainy .= Zv/A. (Here we have

pyrolitic graphite filter in front of the sample and ‘6060’  adopted the notation used in Ref. 2t the above expres-

— 60 —operi collimations. Constant-energy scans were col->'9"7 W€ have included the magnetic forr2n factdu) for

lected at 3 and 4 meV energy transfer near the 1D AF zondi® and the polarization factdrl - (ge,/q%)]. The struc-

centerl =1.5 (Fig. 4). The two spin wave peaks are clearly ture factor for weakly cquplgd chamzs1 can be calculgted in the

resolved in both scans. The highlepeak appears sharper fﬁ(‘gg')om phase approximatioiRPA).”" The expression for

then the lowl feature due to focusing effects. Note that only S (G@) does not change explicitly, but the excitations

transverse excitations contribute to scattering in this geom@cauire dispersion perpendicular to the chain axis

etry.

(hw,q)?=A%+v2sirf(qe) +Zvd' (). 3
IIl. DATA ANALYSIS AND DISCUSSION
In this formulaJ’(q) is the Fourier transform of interchain
xchange interactions that we assume to be isotrégic
eisenberg type According to numerical calculationZ
1.262° The form ofJ’ can be guessed by looking at the
crystal structure. The smallest interchain Ni-Ni distance
(8.705 A) is along theb crystallographic axis. We shall
denote the corresponding exchange constadj a¥he next-
smallest interchain Ni-Ni distance (10.478 A) is along the
(0.5,0.5,0.5 direction. This interaction, however, is frus-
trated by in-chain AF interaction&ny site in one chain

The measured consta@l scans were analyzed using a
parametrized model cross section, numerically convolute
with the Cooper-Nathans three-axis spectrometer resolution
function. Near the 1D AF zone center the single mode ap
proximation (SMA) for the dynamic structure factor of the
isolated Haldane spin chain is known to work extremely
well. 1319 For each channel of spin polarization the dynamic
structure factoS(*¥(q,w) can be written as

(ac) 2 ge.,|1—cogqc) Zv couples to two consecutive sites in another chaimd is thus
St (g, w)oc|f(q)|?| 1— @) 2 oag irrelevant, within the RPA, at momentum transfegs~ .
’ Finally, the third smallest interchain distance (18.046 A) is
Xé(ho—fhw,q), (1) alonga. The corresponding coupling constaitis expected
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1.0 scans, 149 data pointg;=1.7) was applied to all constant
1, 0,05 (0,k 0.5) Q scans measured in thé,Q]) scattering plangsolid lines

091 T in Figs. 2d) and 2e)]. In this case the excitation energies at
the zone boundary (0,0,0.5) were fixed to the values ob-
- tained from the (&,l) plane global fit. Only thea-axis ex-
change constant, was refined. Dispersion of magnetic ex-
citations along this direction is barely detectablg~=0
being within the experimental error bar. The resulting disper-
sion relation is nontheless plotted in a solid line in Fig. 5
(left). The final values of parameters determined in the least-
squares analysis are as followa,=0.42(3) meV, A,
=0.52(6) meV, J,=1.9(1)x10 % meV, and J,=4(3)

X 10~* meV. from the inelastic measurements we can only
conclude that the global minimum of the 3D dispersi8D

AF zone centeris located somewhere on thé,0.5,0.5)
reciprocal-space rod.

To verify that the splitting of the excitation doublet is
= indeed a relevant parameter, we have also analyzed the mea-
sured constan® scans assumind,=A,. To obtain good
6 _ . : : fits to individual scans using this model, we were forced to
1 0 1 2 allow the magnetic excitations to have a nonzero intrinsic

h (r.lw) k (r.L.u) energy width. However, even including this additional pa-

rameter did not allow us to get a good agreement in a global

FIG. 5. Transverse dispersion of lower-energy Haldane-gap exfit to all measured consta@-scans. The excitation energy
citations in NDMAP, determined in global fits to const@tscans  determined from fits to scans collected in thek(D), plane at
(solid lineg, as described in the text. The data points represen;arge values of momentum transfer perpendicular to the
excitation energies obtained in fits to individual scans. chain axis were found to be consistently smaller than at
equivalent reciprocal-space points at smaklefhis behavior
is consistent with having two separate resolution-limited
modes at slightly different energies, the intensity of the
higher-energy mode being suppressed by the polarization

1) — factor at largek, but not with theA,=A, model.

J'(@)=2J,co80a) +2J,c08ab). @ The energy gap foc-axis polarized excitations was deter-
The relevant parameters of the model are thus the three gapined by fitting the model cross section to the wide-range
energiesA,, Ay, andA,, three exchange parametkrd,,  constant) scan measured with the horizontally focusing
andJy, and an overall intensity prefactor. For constéht configuration(Fig. 3, solid ling. In this procedure the values
scans three additional parameters were used to describe tbe A, and A, were fixed. The analysis yields\,
background: an energy-independent component, and the ir=1.86(0.1) meV.
tensity and width for a Lorenzian profile centered7ab The in-chain exchange constant was determined by fitting
=0 to account for incompletely resolved elastic scatteringthe SMA cross section to the measured consErstsans.
The background was assumed to be flat in the con&ant-The gap energies were fixed at the values quoted above and
scans measured in the thermal-neutron setup. only J, a flat background, and an intensity factor were refined

The difference betweed, and Ay, usually a result of to best fit the datésolid line in Fig. 4. The obtained value
in-plane magnetic anisotropy of ty}ﬁsf—sﬁ), istoosmall J=2.8(1) meV is in good agreement with the result of Ref.
to yield resolved peaks with the resolution of our instrument.15. The anisotropy constabt is straightforward to estimate
Distinct polarization factors for the two branches, howeverfrom the measured gap energfe¥<: D~%(2AZ—AX—Ay)
allow us to extract both parameters in a global fit to the data=0.70 meV, andD/J=0.25, which is also consistent with
measured at different momentum transfers perpendicular tthe bulk susceptibility result of Ref. 15. The relative strength
the chain axis. As a first step, we simultaneously analyzedf interchain interactions arel,/J~6X 1074 and J,/J
the data collected in (R,!) reciprocal-space plan@l scans <1.0x10 *. These ratios are very similar to those found in
with a total of 382 data pointsA very good global fit using NENP3
Egs.(1) and(3) is derived with a residug®=1.6. The solid We would like to note that while the gap energies and the
lines in Figs. 2a)—-2(c) were calculated from the globally spin wave velocity measured with inelastic neutron scatter-
optimized parameter set. The shaded areas represent the camg in this work are in excellent agreement with the results of
tribution of each mode, and the dashed lines show the baclsusceptibility and high-field magnetization and specific heat
ground level. Figure Bright) shows the obtaineb-axis dis-  studies'® there appears to be a discrepancy with ESR results
persion relationsolid ling), that has a minimum &t=0.5.  of Ref. 16. Weak ESR absorbtion lines in NDMAP occur at
Symbols in this figure represent the excitation energies obd.05, 0.4 and 0.48 meV, extrapolated to zero field. For a
tained in fits to individual scans. A similar global fitour  uniform-chain Haldane antiferromagnet, low-energy ESR

0.8 T
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0.6

0.5 1

hw (meV)

044

0.3 1 +

0.2 T

0.1 +

to be very small, due to the large “bond” length. The Fou-
rier transform of interchain interactions can thus be written
as
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lines are associated with transitions between components t¢ér is located on theh(0.5,0.5) reciprocal-space rod. Future
the Haldane triplet that become thermally populated at nonexperimental studies of the high-field phase should thus con-
zero temperature. The energy of the 0.05 meV ESR line igentrate on this region of reciprocal space.

consistent with it being a transition between the lower-
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