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Dynamics of an anisotropic Haldane antiferromagnet in a strong magnetic field
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We report the results of elastic and inelastic neutron-scattering experiments on the Haldane-gap quantum
antiferromagnet Ni(€D14N,),N3(PFs) performed at mK temperatures in a wide range of magnetic field
applied parallel to th&s=1 spin chains. Even though this geometry is closest to an ideal axially symmetric
configuration, the Haldane gap closes at the critical fitle-4 T, but reopens again at higher fields. The field
dependence of the two lowest magnon modes is experimentally studied and the results are compared with the
predictions of several theoretical models. We conclude that of several existing theories, only the recently
proposed moddZheludevet al, cond-mat/0301424s able to reproduce all the features observed experimen-
tally for different field orientations.
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I. INTRODUCTION spin chains in the sample, and to allow the momentum trans-
fer g~ in that direction, the chain axis has to be mounted
The problem of field-induced magnon condensation inin the horizontal plane. The typical construction of supercon-
gapped quantum antiferromagnets is currently receiving aucting magnets is such that the field is along the vertical
great deal of attention from experimentalists. Particularlydirection, and is thus applied perpendicular to the spin chains
important results were obtained in recent neutron scattein the sample. In the Haldane-gap materials NENP, NDMAP,
ing and ESR measurements o8=1 Haldane-gap? and NDMAZ the anisotropy easy plane is roughly perpen-
compounds Ni(GHgN,),NO,(CIO,) (NENP) (Ref. 3, dicular the chains. As a result, most of the previous neutron
Ni(CsD1N,),Ns(PF;) (NDMAP) (Refs. 4-9 and Mmeasurements were performed fofplane magnetic fields,
Ni(CsHiN,),N5(CIO,) (NDMAZ)® as well as the 1-€-in thg _aX|aIIy as_,ymmetn(AA) geometry. In the Al,g\ case
S=L-dimer system TICuG.'*~!3 The effect of magnetic the transition aH. is _expect_ed to be_: of Ising typ’_‘é', and
field is to drive the gap in such systems to zero by virtue even an isolated chain acquires antiferromagnetic long-range

of Zeeman effect, thus promoting a quantum phase transitioﬂge;;?iztgde gsrtc;ijgdasr?teaﬁ; ll_|ect ' gpeme;(scslti\a/lgor)ir:]amgrs”

to a new magnetized state at some critical value of the ap- 9 Lo P
lied field Hy~(A/ ). Additional magnetic anisotro (soliton-antisoliton bound state¥ Recent neutron-

b N k). 9 . by scattering studies of NDMAP in the AA geometry provided a

effects usually lead to more complex behavior and richer,

X . . LN 1 solid confirmation of these theoretical predictidns.
phase diagram. Anisotropy is negligible in maBy ;-based For an isolated Haldane spin chain magnetized in the axi-

mate_nals such as TICugl where no single-ion terms are ally symmetric(AS) geometry(with a magnetic field applied
possible. In contrast, fof=1 compounds such as NENP, parallel to the anisotropy axis and the anisotropy being of a
NDMAP, and NDMAZ, terms of typeDS; are quite strong purely easy-plane typetheory predicts a totally different,
and the corresponding zero-field anisotropy splitting of thedisordered, and quantum-critical ground state whose low-
excitation triplet is comparable in magnitude to the Haldanesnergy physics can be described as the Tomonaga-Luttinger
gap itself. Under these circumstances, the physics is expectepin liquid”*%*81°The low-energy excitation spectrum con-
to depend strongly on the direction of the applied magneti¢ains no sharp modes and is instead a continuum of states,
field with respect to the anisotropy axes. much as forS= % spin chaing® Higher modes which would

For purely technical reasons, in quasi-one-dimensionahave quasiparticle character in the AA geomdtwo upper
materials it is much easier to perform inelastic neutron-members of the Zeeman-split tripletlso develop into con-
scattering experiments in high magnetic fields appped-  tinua and exhibit only edge-type singularities in the AS
pendicularto the spin chains. On most instruments the scatcase’! Moreover, one expects incommensurate correlations
tering plane is horizontal and the wave-vector resolutiorat a field-dependent Fermi wave vector that characterizes the
along the vertical axis is deliberately coarsened to provide affermi sea of magnons “condensed” Ht>H_.% In a real
intensity gain. To optimize wave-vector resolution along thematerial this idealized picture may be complicated by several
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factors. First of all, there can be additional anisotropy terms,
such as in-plane single-ion anisotropy or Dzyaloshinskii-
Moriya interactions, whiclexplicitly break the axial symme-
try and favor the AA physics; a similar effect could be ex-
pected if the direction of the applied field deviates slightly
from the symmetry axis. Residual three-dimensional inter-
chain couplings lead to spontaneousreaking of the axial
symmetry which is equivalent to the Bose-Einstein conden-
sation of magnon¥’1%2311Dye to the critical nature of the
ground state of an isolated chain, all these effects are rel-
evant and will have a significant impact on the spin correla-

tions, no matter how small they may be. The key to under- o SRO
standing the high-field behavior in real materials is a

combined approach involving high-resolution neutron- 0 , , ,
scattering experiments and a consistent theoretical treatment. 0 1 T (i | 3

Due to geometrical constraints described in the previous

paragr_aph, high-fiel_d neutron meqsurements i_n the AS con- FIG. 1. TheH—T phase diagram of NDMAP as deduced from
f'gur?'t'c_m are teChn'(_:a”y challenging and reqwre the use Ogpecific-heat measuremenspen symbols, Ref.)5and neutron-
specialized neutron instruments or magnet environments.  scatering experimentsolid symbols, Refs. 7 and 9 and the present

The purpose of the present paper is twofold: on one handstydy). The shaded area is the high-field phase investigated in the
to study experimentally the response of the NDMAP systenpresent work.

in the wide range of applied fields and at very low tempera-
ture, in the setup as close to the AS geometry as possible,
and to test further the phenomenological field theory of th
high-field phase which was recently propoSedd success-
fully applied to the description of experiments on NDMAP in
the AA geometry On the other hand, we also give a more

detailed account of the theory which was only briefly out-; ", - highly anisotropic nature of tHé — T phase diagram

lined in Ref. 9, and generalize it to include the effect ofthat was previously determined in Refs. 5, 7, and 9 and is

interchain interactions. Finally, we perform a systematic, ;i\ ii-ed in Fig. 1.

guantitative comparison between our experimental findings The local anisotropy axes in NDMAP are determined by

anc%rt]r;eo;et;qlsrifugrs]: ed as follows: in Sec. Il we presen he geometry of the corresponding?Nicoordination octa-
Paper 1s organiz WS | -1l We p edra and daot exactly coincide with crystallographic di-

the details of experimental setup, and Sec. lll reports th?ections. Instead, the main axes of the jlidttahedra are in

results of elastic and inelastic neutron-scattering measur;he (a,c) crystallographic plane, but tited by~16° rela-

tmhg(r;:s. (I)? asrﬁ(s:.otlz)/ iv(;/e grese%nt Lhaesi%iléé?rln:;fseggg_ﬂselinive to thec axis. As illustrated in Fig. 2, within each chain,
y pIC gapp q P the tilts are in the same direction for all Ni-sites, so there

system in strong magnetic field and perform a systematic S L . . .
- . . .~ . Is no intrinsic alternation in the chains, as is the case in many
guantitative comparison between our experimental findings

and theoretical results. Finally, Sec. V contains the summarrelated compounds such as NENP. However, within the crys-
; ' Y : Yal structure there are two types of chains related by symme-
and concluding remarks.

try, and the corresponding tilt directions are opposite. This

circumstance has a very important consequence for the
Il. EXPERIMENTAL SETUP present study. It implies that for NDMA®ne can not apply

A. Structural considerations and energy scales the field along the anisotropy axis of all the magnetic ions in

i ) the sampleThe closest one can come to this idealized AS
The crystal structure of NDMAP is schematically shown ¢-anario is by applying a field along the axishflk mag-
in Fig. 1 of Ref. 24. The AF spin chains are composed of

. ot . : netic anisotropy, i.e., along the (0,0,1) direction. In this case
octahedrally coordinate8=1 Ni*" ions bridged by azido he fie|d will form a small angle of- a with the local an-
groups. The chains run along theaxis of the orthorhombic isotropy axes for all spin chains.
structure (space groupPnmn a=18.046 A, b=8.705 A,
and c=6.139 A). Previous zero-field neutron studies pro- )
vided reliable estimates for the relevant magnetic energy B. Experimental procedures

scales in the system. The in-chain exchange constadit is  Single-crystal neutron-scattering experiments in magnetic
=2.6 meV. Exchange coupling along the crystallograghic fields applied parallel to the spin chains were carried out
axis is considerably weakel, /J~10"3, and that alongis  using two different setups. A series of diffraction measure-
weaker still, to the point of being undetectablgt,/J|  ments was carried out using a vertical-field 6 T cryomagnet
<10 *. Magnetic anisotropy in NDMAP is predominantly installed on the rather unique D23 lifting counter diffracto-

of single-ion easy-plane type with/J~0.25. In addition, meter at ILL. On this instrument the data collection is not

there is a weak in-plane anisotropy term of tyﬁeési restricted to a given scattering plane. The sample is mounted

83). As a result of these anisotropy effects, at zero field the
Qjegeneracy of Haldane triplet is fully lifted and the gap en-
ergies areA;=0.42(3) meV, A,=0.52(6) meV, andA;
=1.9(1) meV. Correspondingly, the critical fields are
strongly dependent on field orientation. This fact is reflected
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FIG. 3. Measured peak intensity of the (0,1.5,0.5) magnetic

—> Bragg reflection in NDMAP as a function of magnetic field applied
along the crystallographic axis (symbolg. The solid line is a
power-law fit to the data that should only be viewed as a guide for

FIG. 2. Main elements of the NDMAP crystal structure in pro- the eye. Inset: proposed model for the spin structure in the high-
jection onto the &c) crystallographic plane. Only the N and Ni field phase. Only the staggered magnetization probed by neutron
sites are shown. Magnetic anisotropy associated with the Mag- giffraction is shown. In addition, a weak “ferromagnetic” tilt of all
netic ions is determined by the local symmetry of Risbordina-  gpins along the field direction is expected.
tion tetrahedra that are tilted in thag) plane bye=16° relative to
the c axis. The tilt direction is opposite in adjacent chains. NDMAP. This was deduced from the appearance of new

Bragg reflections at the three-dimensior{8D) antiferro-
with the chain axis verticalparallel to the field and the  magnetio(AF) zone-centersh(k,1) +(0,— 0.5,0.5), wheré,
detector is lifted out of the horizontal plane to allow a mo- k, and| are integers_ This result is indicated by the solid
mentum transfergy~m in that direction. Neutrons of a triangle in the phase diagram in Fig. 1. The measured field
fixed-incident energyE;=14.7 meV were provided by a dependence of th¢0,1.5,0.5 background-subtracted peak
curved thermal neutron guide with supermirror coating, aintensity is plotted in Fig. 3. In this data set the experimental
Pyrolitic Graphite(PG monochromator and a PG filter. In error bars are too large to allow an accurate determination of
some cases horizontal and/or vertical collimators with a 40T, and the order-parameter critical index, small peak inten-
full width at half maximum beam acceptance were insertedities (low magnetization densijyand elevated background
in front of the detector. In the diffraction study we employed |evel (mostly incoherent scattering from Ni nudldieing the
a ~0.3 g fully deuterated single-crystal sample. main limiting factors.

Inelastic measurements were performed using the conven- Figure 4 showsh, k, and| scans across the (0,1.5,0.5)
tional three-axis cold-neutron spectrometer FLEX installedheak measured 44=5.8 T. These data were taken with a
at HMI. An assembly of three deuterated single crystals witthorizontal collimator installed in front of the detector, to im-
total mass about 1 g were mounted with chain axis in thgyrove wave-vector resolution along the chain axis. The back-
horizontal (scattering plane of the instrument. A magnetic ground was separately measuredHat=0 and subtracted
field was applied along that direction by a horizontal-fieldfrom the data shown. In all scans the magnetic peak width
cryomagnet. The data were collected with the final neutrofvas determined to be resolution limited. Thus, to within the
energy fixed at 5 meV. A Be filter was used after the samplexxperimental wave-vector resolution, the high-field phase in
to eliminate higher-order beam contamination. Beam diverNNDMAP for H|c is characterized by true three-dimensional
gencies were defined by the critical angle of the cold-neutrofong-range order.
guide, and by characteristics of the PG analyzer and mono- To determine the high-field spin arrangement, integrated
chromator used. No additional devices were used to CO"iintensities of 17 magnetic Bragg reflections were measured
mate the neutron beams. In both the D23 and FLEX experiatT: 25mK andH=58T using a standard diffraction con-

ments the sample environment was *#le*He dilution  figuration (no collimators. This limited data set is clearly

refrigerator. insufficient for a comprehensive symmetry-conscious crys-
tallographic analysis of the magnetic structure. In particular,

lll. RESULTS OF NEUTRON-SCATTERING in our experiment we can detect only the staggered lbaxft
MEASUREMENTS the magnetic moment. An additional ferromagnetic compo-

nent is expected due to a slight canting of all spins in the

direction of applied field and Dzyaloshinskii-Moriya interac-
Applying a fieldH>H_ ~4.0 T parallel to thec axis at tions. Unfortunately, the corresponding weak magnetic

T=25 mK leads to antiferromagnetic long-range ordering inBragg peaks are expected to be located at the same position

A. Magnetic long-range order
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FIG. 4. Elastic scans across the (0,1.5,0.5) magnetic Bragg re-
flection in NDMAP atT=30 mK andH=5.8 T show resolution- FIG. 5. Typical background-subtracted constapscans mea-
limited peaks in all three directions. Solid lines are Gaussian fits t&yred in NDMAP up to 1.75 meV energy transfer for different val-
the data. ues of magnetic field applied along the crystallogragragis (sym-

bolg). The two peaks are the lower-energy members of the Haldane
as the much stronger nuclear reflections, and are thus virtwxcitation triplet. The third mode has a larger gap and is outside the
ally impossible to observe. However, even the limited datashown scan range. Solid lines are fits to the data using a single-
enable us to extract the direction and magnitude of the stagnode model cross section, as described in the text.
gered moment in the system. We found that the observed
intensity pattern is very well reproduced by the simple col-imposed by the construction of the horizontal-field magnet.
linear model for the staggered magnetization, as illustrated ifhe background for all scans was measureHi a0 andH
the inset of Fig. 3. This spin arrangement is the same as6 T, away from the 1D AF zone center, af

previous|y proposed fdﬂ”[oIl]7The agreement between :(O,k,033) Apart from the eXpeCted elastic contribution
calculated and observed Bragg intensities is optimized aglue to incoherent scattering, the background was found to be
suming that the staggered moment is along the crystalloenergy independent and about 1.5 counts/min. Typical
graphica axis, perpendicular to the applied field. The local background-removed scans collected ta=1 T<H, H

spin directions are opposite on sites related by (0,1,0) an& 4.1 T~H., andH=6 T>H, are shown in Fig. §sym-
(0,0,1) translations, and the same on sites related by a trankol9).

lation a|ong (1,0'0) Comparing the experimenta”y deter- All the constanty data collected at different ﬁelds, in-
mined intensities of nuclear and magnetic reflections procluding those plotted in Fig. 5, are combined in the 3D plot
vides an estimate for the total staggered magnetization péhown in Fig. 6. In order to extract quantitative information,
site: L=0.9(1)ug. This experimental value is about half of the data were analyzed by using a parametrized model cross-
the classical sublattice magnetization for an ordeBesl section function. The latter was written in the single-mode

system. form similar to that used in Ref. 24:
. . , 1—cogqc)
B. Inelastic scattering Si(g,0)|f(q)] PjT[é(ﬁw—thq)

j.a

1. Constant-q data
+6(hotho; ], (D)

The field dependence of the gap energies was measured in
a series of energy scans performed at the 1D AF zone center (hw: )2=A%+02sir?(qc). @)
(0k,0.5). The scans corresponded to a fixed momentum 1a )
transfer parallel to the chaing=m/c. The wave-vector Herej=1,2,3 labels each of the three excitation branches,
transfer perpendicular to the chaigs=2xk/b was varied is the spin wave velocityf(q) is the magnetic form factor
in the course of the scan to satisfy geometrical restrictiongor Ni?", andA; are the gap energies. The intensity prefac-
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FIG. 6. (Color) Background-subtracted constagtscans measured in NDMAP for different values of magnetic field applied along the
crystallographicc axis. Solid lines and shaded areas are fits to the data using a model cross-section function, as described in the text. The

black and white circles in theH,% ) plane are the measured field dependence of the two lower energy gaps in NDMAP. The connecting
solid lines are guides for the eye.

tors P; depend on both the matrix elements between thehe situation similar to that encountered in our early experi-
ground state and the single-mode excited states and on tieents in theH||a geometry which were also done at high
polarization of the latter. The asymmetric peak shapes seeemperature and failed to observe the reopening of the gap in
in Figs. 5 and 6 are due to the complex wave vector andhe lowest mode.

energy resolutions of a three-axis spectrometer. Fortunately,

the corresponding 4D resolution function can be accurately

calculated for any spectrometer configuratior®In our data 2. Constant-E scans

analysis this function was independently computed for each As mentioned in the introduction, theory predicts that the
point of each scan, and numerically folded with the paramspectrum aHH>H. in theideal AS geometry should lose its
etrized model cross section. The four parameters of the resingle-mode character. The sharp magnon excitations are ex-
sulting resolution-corrected model, namely, the the gap enepected to be replaced by a diffuse continuum of states with a
gies and intensity prefactors for each mode, were refinetbwer bound following the magnon dispersion curve. Even in
using a least-squares routine to best fit the data collected this case, the continuum is singular at the lower bound and
each field. The spin wave velocity was fixed at may be difficult to distinguish from a single-mode excitation
=6.5 meV, as determined previously for=0.° For those smeared effects of experimental resolution.

fields where constari-scans were availableH=2, 4, and In search for any deviations from the single-mode picture
6 T, see below the fit was performed simultaneously to all we performed constari-scans at 1.8 meVFig. 7) and 1.2
data available. The resulting fits are represented by the solicheV (not shown at H=2 T<H.;, H=4 T=H; and H

lines in Figs. 5 and 6. The shaded areas in Fig. 5 are partiak6 T>H.. These particular energies were selected to avoid
the contributions of each mode, as deduced from the moddioth gap energies at all three field values. A constant back-
fit. The obtained field dependence of the energy gap is plotground was assumed for each scan. As described above, at
ted in the H,% w) plane of the 3D plot in Fig. 6 and, in more each field the constari-data were analyzed simultaneously
detall, in the top panel of Fig. 8. We have observed only twowith the corresponding constagtscan using the param-
lower-energy members of the Haldane excitation triplet; theetrized single-mode cross sectitl). The same fits that are
third mode has a larger gap and is outside the shown scavlotted in their const projections in Figs. 5 and 6 are rep-
range. The field dependence of the upper two triplet modesesented by solid lines in the corstprojections in Fig. 7.
was observed in recent ESR measuremémiswever, the Again, the peak shapes and width in these plots are not ar-
lowest triplet mode was not observed in Ref. 4 since thoséitrary but are determined by tHaownspectrometer reso-
measurements were done at much higher temperakure lution function. We see that, the single-mode model repro-
=1.5 K where the lowest mode becomes strongly dampedjuces all measured constscans very well, below, at and
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FIG. 8. Symbols: measured field dependence of the energy gaps
in NDMAP for a magnetic field applied along the crystallographic
axis (top, this work anda axis (bottom, Ref. 9. Lines: a global fit
to the experimental data based on the Ginsburg-Landau type model
¢ outlined in Ref. 9 and described in detail in the text. Note the
I(r. 1. u) different scales on the top and bottom figures.

FIG. 7. Background-subtracted const&ntscans measured in tropic Haldane chain were propos¥d’27-28 Affleck®’?’
NDMAP for different values of magnetic field applied along the proposed a theory based on coarse-grainingQa) non-
crystallographic axis (color symbol$. Solid lines and shaded areas linear sigma mode(NLSM).? Technically coarse-graining
are simulations using a single-mode cross-section function and pgeads to relaxing the unit vector constraint of the NLSM, so
rameters obtained in the analysis of cogsscans, as described in that one has a theory of unconstrained real vector bosonic
the text. field ¢. The ¢*-type interaction was added to ensure stability

aboveH,. The observed slight variation of scan shape is 4" the high-field regime, and the anisotropy was introduced
resolution effect due to changes in the gap energies of thiiSt by assuming three different massesfor the three-field
two lower modes, shown as shaded areas in Figs. 5 and 7. @@mponents, so that the resulting Lagrangian had the form
course, the present experiments, like any measurements per- L
formed with a finite wave vector and energy resolutions, do 2

not entirely rule out a continuum of sca?tgring. However, ~~ 2, (&“OJFHX‘O)Z_UZ(‘?X“’)L% Aupe =M

from our analysis we can unambiguously conclude that all 3
features of the spectrum remain quite sharp at all times. To

within the resolutionattainable using a three-axis cold- For H>H. the ground state acquires a nonzero staggered
neutron spectrometer, these sharp features are indistinguisiagnetizatiorL = (¢) and a uniform magnetizatiokl(H

able from single-mode functions. X ¢). This model captures the basic physics involved, but is
known to suffer from several drawbacks. Because of the too
IV. ANISOTROPIC GAPPED QUASI-1D SPIN SYSTEM IN simplistic way of introducing the anisotropy, the predicted
STRONG MAGNETIC FIELD: THEORY values of the critical fieldi{*)=A , for the fieldH directed

along one of the symmetry axes) disagree with the results

; 29,30 : .
high-field state. Our goal is a semi-quantitative effective fieldOf perturbative treatmetit as well as with .the exper
mental data on the behavior of gaps as functions of the ap-

theoretical description, backed by a simple physical picture, .~ " =%
- . . plied field in NENP(Ref. 31 and NDMAP?
yet capable of consistently reproducing all the available ex Tsveliki® proposed a different theory which stems from

perimental data on NDMAP. The latter implies that the . . . .
model should account for both neutron and ESRFhe integrable Takhtajan-Babujian model dda 1 chain and

measurement&? work both above and below the critical mvolves thrgg Majorana field(s)with masszteg. The,‘h?"fy
field, and apply in the case of arbitrary field orientation. ~ Yi€!ds the critical field valugdc™ = yA gA, which coincides
with the perturbative formulas of Refs. 15, 29, and 30. This

A. A single anisotropic Haldane chain in a field model was rather successful for the description of the field
dependencies of the gaps beld¥y in NENP?! and is ex-
pected to yield a correct critical behavior ldt-H_.. How-

In the early 1990s, several phenomenological field-ever, when the high-field neutron data on NDMAP in the
theoretical descriptions of the high-field regime in the anisoH|/a geometry became availablé; turned out that Tsvelik’s

We now turn to developing a theoretical model of the

1. Existing models
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theory, apart from overestimating the, value considerably, 1 1
predicts no change of slope for the two upper magnon modes  |s)=—(|T])—|11)), [tp=—=TL)+[LT)),
atH=H,., in complete disagreement with the experimental 2 V2
data. One may conclude that though this model correctly
describes the behavior of the low-energy degrees of freedom 1 i
near the critical field, but fails to describe the behavior of |to=— E(H”_UU)’ ty)= E(HTHHU)-
high-energy modes abow¢, .
Mitra and Halperiﬁs have modified Affleck’s bosonic La- and ,&, B are real vectors which are in a simple manner

grangian in order to re'produce_TsveIik’s. results for the gapseonnected with the magnetizatid\?hz(§1+§2> and sublat-
It turns out that changing the first term in E§) to tice magnetizatio{:<§1—§2> of the spin dimer:

1 2 - N R .
7 atqmﬁE(Ay/AaWZeaﬁyHﬁcpy] @ M=2(AxB), L=2(1-A2-B2)YA.  (7)
a Y

_ The configuration space is the inner domain of the unit
exactly reproduces the results of Ref. 16 for the field depe”éphere&2+ B2<1 in R®, with additional identification of the

dencies of the gaptselow H.. AboveH,, the predicted field o5, qjte points on the sphere, and the measure is defined as
behavior of the gaps is different from that of Ref. 16, and is

-3 re =

in a reasonable qualitative agreement with the experimenteﬁ” qu B. .
data on NDMAP in theH||a geometry? However, apart from . We will assume that we are not too f_ar above the cnucgl
the fact that the reasons for the postulated modification Et{;eldil SAoélalt t_?ﬁ m?r?nltl;fdet_of T_he ”'P'Fr‘t c(cj)mp(_)ne_nttsh IS
(4) remains unclear, the theory still has one fundamenta mi.’ ’ i .'tt in tﬁ ef e"c ve aftgrar.]g|an ensity in the
flaw: it predicts that the staggered momentatH, is di- continuum fimit takes the foflowing form.
rected alonghe magnetic hard axis for H||a and along the o1 R N
intermediate axid for H||c. This result is not only counter L=—2hB-¢,A— EJ’/Z(&XA)Z—E {m;AZ+m;B?}
intuitive but also contradicts to the diffraction experiments :
on NDMAP (Ref. 7) which show that the ordered moment, in - s S
complete analogy to the classical picture for an ordered an- T2H-(AXB)=U4(AB), (8)
tiferromagnet, alv(\ggysl Iiets itnhthf(‘a ﬁjagy plare alh(l)l’;]xag(' thfe MOSkhere m=m,—J’, / is the lattice constant, andn
easy axis perpendicular to the field, i.e., alon isfor _1
HHayand aTonS thea axis in theH||c case. ’ = al€in| 3y Jp). The fourth-order term

2. An improved model V(A B)=NAY T+ A (ATBY +05(A-B)?, ©

We see that none of the previously known models pro-Whe.re)‘:‘] » Ay=2J", Ap=—J" In the present case. The

vides a consistent description of the experimental data. Wépatial derivatives oB are omitted in Eq(8) because they
use a different, more general approach, based on the modappear only in terms which are of the fourth orderAinB.
proposed in Ref. 32 for dimerize®=1/2 chains andS  Generally, we can assume that spatial derivatives are small
=1/2 ladders, known to be in the same universality class aésmall wave vectops but we shall not assume that the time
S=1 Haldane chains. This model was recently applied withderivatives(frequenciesare small since we are going to de-
great success to the description of the INS data for NDMARscribe high-frequency modes as well.

in the Hlla geometry) and to ESR experiments in both  The vectorB can be integrated out, and under the assump-

geomet'rieéf. tion A<1 it can be expressed throughas follows:
We first illustrate the general features of the theory on the
example of the alternate8=2 chain consisting of weakly B=OF, F= _MIAJF(H*XA) (10)

coupled anisotropic dimers, described by the Hamiltonian
o . 5 5;;A? AA,
H:% ‘Jasgn—lslzln—'—; {‘],(SZn'SZn+1)_H'Sn}1 (5) Qij_ﬁi_)\l ﬁ]z _)\Zﬁ]iﬁ]j.

where 0<J’<J. Throughout the rest of this section, it is After substituting this expression back into Hg) one ob-
implied that the magnetic field is measured in energy unitstains the effective Lagrangian depending Amonly,

i.e., H—gugH unless explicitly stated otherwise. For the
derivation of the effective field theory it is convenient to use

1 oo .
the dimer coherent stat®s Ezﬁ{ RE( A= 0P/ 2(0xA) %) = 2= (HXA)GA
|

|/&,§>:(1_A2_BZ)1/2|S>+2 (A]+|B])|t]>, (6) _UZ('&)_U4(A—)1‘?VE‘)! (11)
J

wherev; = /J’'m;/2 are the characteristic velocities in energy
where the singlet statfs) and three triplet statef;) are  units, and the quadratic and quartic parts of the potential are
given by* given by
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R 1 . . mentioned problem with counter-intuitive direction of the or-
Us(A)=mA?— —(HXA)?, (12 dered moment in the theory of Mitra and Halperin.
m; Generally, atH>H_ one has to find the minimum of the
static part of the potential and linearize the theory around the
U, 0,A) = )\(Az)zﬂ\ll&z%,:izﬂ\zﬂlzilzj _ new static solutiolA=A(®. The equations foA(®) have the
i im; form
Note that the cubic ik term in Eq.(10) must be kept since
it contributes to theJ, potential. Z QgiAj+ % A g mrAARA=0, (16)
Having in mind that the alternate8=3 chain and the
Haldane chain belong to the same universality class, onehere the matriceS), A are defined as
may now try to apply this model in the forfi1) and(12) to
the Haldane chain system such as NDMAP, treating the ve-

locities v; and interaction constants,, m;, X\, and\,, as
phenomenological parameters.

One can show that the Lagrangiéltil) contains theories Ao =T +T
of Affleck?”'” and Mitra and Halperff as particular cases. Homn LM M
Indeed, restricting the interaction to the simplified form with
\1,=0 and assuming isotropic velocities=v, one can see Tii mn=N8: Snt (N185i +No) 2 €ix
that the Affleck’s LagrangiafB) corresponds to the isotropic e mn E T

i;;';g:ﬁf’)?(‘; m, while another choicen;=m; yields the . 2 0n0n energigso as functions of the field and of
. . N the longitudinal(with respect to the chain directiprvave
For illustration, let us assume that|z. Then the qua- yectorqg can be found as three real roots of the secular equa-

1
Qij:miﬁij_z €ikn€jin = HiHy, (17)
kin m

n

HH
€iim= ~ -
it

dratic part of the potential takes the form tion
H2 2 _ 20 —
U2=<mx— B mer (- P azemaz, a3 deM~ (10)?G~i%wC)=0, (18)
my My where symmetric matriced andG are given by

and the critical field is obviouslyH.=min{(mm)¥?,

/N2

(m,m,)¥3. At zero field the three triplet gaps are given by~ M;;=Q;;+ Méij + 2 ADAOA G ot A
A;=(m;m;)2 Below H, the energy gap for the mode po- m; mn
larized along the field stays constafitp,=A,, while the + Ain.mi)s (19
gaps for the other two modes are given by '

1 (Ai(O)) 2’ AOAD

N e

1

mimj

L, 1 -
(hwg)?=5 (AZ+ AL+ HZ£[(AZ-A2)? Gij

~ o~ i i C—R_RTi i
+ Hz(mx+my)(mx+my)]1’2. (14) and the antisymmetric matri€=R—R" is determined by

Below H, the mode energies do not depend on the interac- 1 A\ ?
tion constants,; . =)= M = §|: &ijiHi
It is easy to see that in the special cage=m; , the above ' '
expression transforms into A 1 1
+h= 2 == €nAPH,. (20
1 1 12 m; In [m; mj
hw;y:_(Ax—’_Ay)i{_(Ax_Ay)z'i_ Hz ’ (15) . . .

2 4 Here in case of NDMAP the longitudinal wave vectpmust

be understood as counted from the 1D Bragg point,

which exactly coincides with the formulas obtained in the™,
Q/'—>q”C— .

approach of Tsvelik® and also with the perturbative formu-
las of Refs. 15, 29, and 30 and with the results of modified o _
bosonic theory of Mitra and Halperffi.The peculiarity of B. Interchain interactions

this Spe%'gl' choice of parameters is that aboke  Up to now, we have treated the problem as purely one
=(mym,)~* the most negative eigenvalue of the quadraticgimensional. In NDMAP, however, antiferromagnetic inter-
form Eq. (13) corresponds not to the componentffalong  chain interactions along the crystallograpbidirection lead

the easy axis in thexf) plane, as one would intuitively to an observable transverse dispersion with the bandwidth of
expect, but to the component along the harder axis. For inabout 0.1 me\?* This value is small compared to the mag-
stance, ifx is the easy axisn,<my, then the most negative non bandwidth along the chain axis=¢ meV), but consti-
coefficient will be that atA,. This leads to the above- tutes approximately 20% of the lowest magnon gap, so that
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transverse interactions have to be taken into account if ongon. The value of 4, was chosen to match the transverse

aims at a quantitative description. dispersion bandwidth of 0.1 meV observed in NDMA&Ref.
It is straightforward to incorporate this effect into our for- 24) atH=0: J, =0.025 meV.
malism. Additional coupling of the form A global fit to the data of both experiments is shown in

Fig. 8. The coordinate axes were chosen alonddhbal an-
isotropy axes for each Ki ion:y is parallel to theb axis, z

is in the @,c) plane and forms an angle of 16° with tke
axis andx completes the orthogonal set. The final parameters
obtained in the fit arem,=0.50, m,=0.71, m,=4.76, m,
=0.35, m,=0.38, m,=0.71, \;/A=0.17, and \y/\=
—0.17. The solid lines in Fig. 8 never quite reach zero at
Hc, since they actually represent excitation energiesat
=17 and transverse wave vector transfers matching those
probed in the corresponding experiments. At the critical field
these energies are nonzero due to nonzero dispersion perpen-
dicular to the chain axitsee above discussipriNote that the
fitted critical fieldsH®=5.5 T andH{®=3.4 T are some
Secular equatiol18) then yield magnon energies for an ar- 15% smaller than observed in our neutron-scattering experi-

J@ (A-Aji1), (21)

where | labels chains along the transverse direction,

amounts to a renormalization of tiestiffnessesm, —m,,
+2J, cos@, b). The minimum of magnon energies is reached
at the 3D AF zone center, in our casegat=q, b= . Itis
convenient toredefinethe stiffnessm, as its value at the
zone centerm,(q, =w/b), so that in the formulas Egs.
(16)—(20) one just has to make the substitution

m,—m,+2J, (1+cosq,b).

bitrary transverse wave-vector transfer. ments. Incidentally, these critical fields are in excellent
agreement with those found in heat capatcitESR
C. Comparison with experiment measurementsThe parameter values obtained in the present

neutron study also agree nicely with those determined in the
nalysis of ESR resonance frequencies. Finally, we have
erified and would like to stress that the obtained parameter
values yieldcorrect directions of the ordered staggered mo-
ient atH>H, for both H||c andH|a experimental geom-

The main advantage of the described model is that it cal
consistently reproduce all the experimental data currentI)(/
available for NDMAP. At a first glance, it may appear over-
parameterized, with 9 separate phenomenological constan

?;.\Clle,vg]ﬁt, z:n d)\éain%225|:?avsvf\ﬂ’ 3g|th32femzﬁrendetf?;%a;ﬁ etries: namely, the order parameﬁaris directed along thé
quely nda axes in theH||a andH||c cases, respectively.

measured field dependencies of the gap energies. Indeed, as
discussed above, the independently measured zero-field gaps

A, fix three relations\>=m,m, . The value of the critical V. CONCLUDING REMARKS
field H™ for a field applied along the principal anisotropy Even forH|c NDMAP shows no signs of Luttinger spin

axis a determines anoth_er thiee re~|at|ons between paran]quuid behavior, such as incommensurate correlations or
eters, namely Ki{”')*=min(mzm,,m,mg). One can show preakdown of the single-particle spectrum. On the contrary,
t~hat of those six equations for six stiffness constanfsand  the system was shown to be antiferromagneticattiered(a
m,, only five are independent, so that all stiffness constant$spin solid” state) at high fields with an appreciable sublat-
can be expressed through one of theme have chosem, tice magnetization. This is accompanied by a reopening of
for this role). Finally, the interaction parametexs A; , con-  the gap aH>H_.. Overall, the observed field dependence of
trol the behavior of the gap energies above the critical fieldsthe excitation spectrum is qualitatively similar to that previ-
In fact, the gaps depend only on the relative interactiorously seen forH.Lc.® The reasons for the Luttinger spin
strengths X4/\), (Ao/\), so that the scale of does not liquid regime being unobservable are quite clear: the ideal-
influence the expressions for the gaps and can be set delilzed axially symmetric geometry cannot be realized in ND-
erately (we have put\ =1). Thus, the knowledge of thd MAP. This, to our opinion, may be mainly attributed to the
=0 gaps and of critical fields helps to fix five parameters,effects of the 16° canting of the principal anisotropy axes
and one-parameter turns out to be irrelevant, so that one i®lative to the field direction, which define the strongest ex-
left with only three parameters to fit th®e(H) curves. plicit breaking of the axial symmetry, although in-plane an-
In analyzing the measured field dependencies of the gaisotropy and interchain interactions play a significant role as
energies in NDMAP, one has to keep in mind that both forwell. Perhaps in very strong external fields, when the Zee-
the experiments described here, and for those reported iman energy becomes large compared to any anisotropy and
Ref. 9 for H||a, the transverse wave vectqr =2wk/b is 3D effects, certain features of the Luttinger spin liquid may
not constant, but varies as a function of energy transfer ~ become accessible. In particular, it has been recently
For H|c, q, is dictated by the geometry of the horizontal- argued* that incommensurate correlation should emerge
field magnet,q, b/(27)=0.42 meV X (Aw). In theH|la  even in the axially asymmetric geometry, above a certain
experiment of Ref. @, was chosen to optimize wave-vector second critical fieldH? . Whether or not such an experiment
resolution along the chains when using a horizontally focusis technically feasible for NDMAP is currently unclear.
ing analyzerg, b/(27)=1.3+0.24 meV X (% w). In both In summary, the main impact of the presetic measure-
cases the presence of interchain interactions must be takements is to provide crucial quantitative data needed to evalu-
into account explicitly, as discussed in the previous subseate the veracity of the various field-theoretical descriptions
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