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We report an inelastic neutron-scattering study of antiferromagnetic spin dynamics in the Haldane chain
compound Ni(GHgN,),NO,CIO, (NENP) under external hydrostatic pressite-2.5 GPa. At ambient pres-
sure, the magnetic excitations in NENP are dominated by a long-lived triplet mode with a gap that is split by
orthorhombic crystalline anisotropy into a lower doublet centered gt=1.2 meV and a singlet a
~2.5 meV. With pressure we observe appreciable shifts in these levels, which make(205 GPa)
~1.45 meV and)|(2.5 GPaj<2.2 meV. The dispersion of these modes in the crystaflimtirection per-
pendicular to the chain was measured here and can be accounted for by an interchain eXchangd J
that changes only slightly with pressure. Since the average gap ¥qle€l.64 meV remains almost un-
changed withP, we conclude that in NENP the application of external pressure does not affect the intrachain
coupling J appreciably, but does produce a significant decrease of the single-ion anisotropy constant from
D/J=0.16(2) at ambient pressure BYJ=0.09(1) atP=2.5 GPa[S0163-18288)06609-0

I. INTRODUCTION mates using different model approximatiérisas well as
numerical studies on finite systethiiave been performed,
The Haldane ground stdtevith short-range correlations giving values for the critical interchain coupling in the broad
and a gap to magnetic excitations has now been found ifange 1.%10 3<J/,/J<2.6X10 2. On the other hand,
several quasi-one-dimensiona=1 aqtiferromagnet%?e _solid upper and lower limits od(,;;/J are available from
The magnetic properties of these materials are well describegyneriments. It is found that the hexagonal antiferromagnet
by the spin Hamiltonian CsNiCk with J=2.8 meV andJ’'/J~2x10 2 undergoes
3D ordering at Ty~4.8 K!® while orthorhombic
H=Z JS-S.1+3' S-S+5L+D(S|Z)2 , (1) Ni(C,HgN,),NO,CIO, (NENP) with J~4 meV andJ’/J
' oL ~8x%10 4 demonstrates all features of the Haldane system
where in addition to the intrachain and interchain couplihgs and remains disordered down to millikelvin temperatdfes.
andJ’ we have included a uniaxial single-site anisotropy, a The effects of single-ion anisotropy are less drastic than
common feature of these systems. Because of its finite spinhose of interchain coupling, but are also eventually critical.
spin correlation length, the Haldane state is stable with reAs the presence of the single-ion term in Ef)) does not
spect to small perturbations by the interchain exchange anghange the basic 1D nature of the model, its effects may be
single-ion anisotropy and hence can be found not only in theeadily explored by numerical simulations on finite systems
pure one-dimensiongllD) Heisenberg limit of Eq(1), 3’  of realistic size and have been addressed in a number of
=D=0, but for a finite range ad’ andD around this point.  studiest®~* These predict that strong Ising-like anisotropy
If, however, the interchain couplingf exceeds some critical (D<0) favors Nel ordering forD <—0.25], while “easy-
value J/,;; , quantum disorder is no longer favored and theplane” anisotropy D>0) eventually drives the system into
system enters a long-range-orderedeNground state with a so-called planar phase Bt~J where all spins havé?
soft Goldstone excitations. Thus a zero-temperature phase0 in the ground state.
transition is expected to occur in a quasi-one-dimensi@nal  The currently available experimental data on the effect of
=1 antiferromagnet af’ =J/,;; if the interchain coupling nonzeroJ’ andD on the Haldane spin chain have been ob-
could be varied. Such quantum phase transitions have rd¢ained from the comparison of results from differes 1
cently attracted much theoretical attentién™* Various esti-  quasi-1D antiferromagnetic compounds. This restricts the ex-
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perimentally accessible region of thé' (D) phase diagram =
discussed above to just a few points. However, the exchange hwa(6)= \/A§+02 sinza+A Sirg ﬂ, 3
and anisotropy parameters of the spin Hamiltonian can be 2
controlled not only by changing the chemical composition of . _ _
the magnetic compound, but also by tuning the plrooperties 0 .'th v _9'.7 r_neV e_mdA—_34 meV?, IanteadNOf a degenerate
a single material. The application of hydrostatic pressure caH'plet excitation W'th a S'”Q'e ga9~0'4”4”1'64 meV at
change the interatomic separations and local atomic envirorfd = 7. @S expected in the isotropic case;’ the planar an-
ments to which the spin Hamiltonian is highly sensitive andiSOtropy in Eq.(1) splits the triplet into two branches with
therefore provides an opportunity for the controlled and con4~2-5 meV andA,~1.2 meV for fluctuations polar-
tinuous tuning of the parameters in the Hamiltonian, albeit inzed parallel and perpendicular to the chain axis, respec-
a restricted range. Here we report a study of the pressurévely. The lower mode is further split by a small orthorhom-
dependence of the magnetic properties of NENP. We havbic anisotropyE[ (S)2—(S)?] with E~0.011=0.04 meV
used inelastic neutron scattering to measure the changes giving A,~1.34 meV and\,~1.16 meV? This latter split-
the Haldane gap modes @at=1.8K when an external pres- ting is smaller than the instrumental resolution of our current
sureP~2.5 GPa is applied. We find that both the intrachainexperiment and its effects will therefore be neglected in our
and interchain couplings are only marginally affected, butsubsequent discussion. The lower doublet also shows mea-
the single-ion anistropy is reduced substantially and thus hysurable dispersion along tte& direction, with an effective
drostatic pressure drives this material closer to the ideabandwidth parametehE~0.65 meV? This is the basis of
Heisenberg model and further away from any potential quanthe above estimate of the interchain exchadge To our
tum phase transitions. knowledge, the dispersion alorj has not been measured
prior to this work.

II. PROPERTIES OF NENP AT AMBIENT PRESSURE

. . . I1l. EXPERIMENTAL PROCEDURE
NENP is orthorhombic with space grodpnma It has

Ni%* chains stretching along thedirection with two chains Our sample was a 99% deuterated NENP single crystal of
per unit cell staggered in the direction!’ The ambient- mass 0.27 g, which was a part of the composite sample used
pressure P~0.1 MPa) lattice parameters measured in ourin Ref. 3. The experiments were performed on the SPINS
experiment aff=1.8 K after the sample had been pressur-cold neutron triple-axis spectrometer at the National Institute
ized area=15.28 A, b=10.23 A, ancc=8.096 A.Inde- of Standards and Technology. The beam divergences em-
scribing neutron-scattering experiments, we refer to waveployed were 50'k;(A~1)—80" around the vertically focus-
vector transfer in the corresponding reciprocal latt@e ing pyrolytic graphite P@02 monochromator and 80
=ha*+kb*+Ic*=(h,k,). Since the Ni* ions are dis- —240 around the P®O02 analyzer. A liquid-nitrogen-
placed byb/2 along the chain, it is convenient to refer to the cooled Be filter was placed in the scattered beam path. For
component of wave-vector transfer along the chaingas CconstaniQ scans we fixed the final neutron eneigyat 5.1

= Q- (b/2)=k when discussing the 1D behavior of NENP. MeV. The resulting full width at half maximum energy reso-
At ambient pressure the magnetic properties of NENP aréltion for —incoherent elastic scattering was\fiw

well described by the Hamiltonian of Eql) with J ~ =0.27(1) meV. Scans with constant energy transfer

=4.0(2) meV, D/J=0.162), and arinterchain coupling =2 MeV were performed witl;=4.24 meV to optimize
in the a directionJ’/J=8x10"%. The symmetry axis of the the pressure cell transmission for both incident and scattered
a :

. . . o . . neutrons.
S'lee'snz anlsotropyf/z( axis) is gara;lel to th% chain axis. To provide high pressures, we used a clamp cell for neu-
The spin dynamics of NENP under these conditions has been ; . ’ o .
carefully studied in a number of neutron—scatteringe.tron scattering supplied by Oval Co., Ltd., which is described

experiment£: It was shown that the principal contribution Lgn?eé?gt:l?eiefé 18|' il—heanpcraistglrjr:gl Ygg(sj gfe]r;gsra,\tlegn?;eroom
to the spectral density of spin fluctuatio®Q,w) comes P Y applying

f X ; o cap of the cylindrical sample chamber, or “microcell.” The
rom a triplet of long-lived excitations above a gap that fol- _. . . o )
) ) ) ’ N microcell is contained inside a barrel-shaped cylinder made
low a dispersion relation with fu_ndamental per|od|C|ty_qn of high-density polycrystalline AD,, which in turn is sup-
of 2. Most of the spectral weight is corfentrated in theported by steel rings. The microcell accommodated the
close vicinity of the antiferromagnetic poiptg — 7| <2w/& parallelepiped-shaped NENP samplgimensions~6x6
~0.37 (here {~6-8 spins is the correlation length in the x8 mn?), as well as a small NaCl platelétimensions
Haldane state Over the full range 0.8<q< where they ~~4X4x2 mn?) used for pressure calibration. The micro-
have been observédhese excitations are well-described by cell was filled with the pressure-transmitting fluid fluorinert
the single-mode approximation FC-75 (available from 3M Chemicals, Inc. The neutron
beam reaches the sample through a 10-mm-high continuous
2/ (H) 1-cosy central window betweer_1 the steel rings after pa}ssing through
S”‘”‘(a,w)=——(—)—Né(ﬁw—ﬁwa(a)), (2)  the ALO; pressure cylinder and the 5-mm-thick Al outer
3\ L Jho(9) sleeve of the cell. The loaded cell was attached to the cold
finger of a pumped Hecryostat for neutron scattering and
where(H)/L is the ground-state energy per spin. The sim-cooled down to 1.8 K. Figure 1 shows the transmission
plest dispersion relation that has the correct periodicity andhrough the center of the loaded cell B+ 1.8 K for neu-
adequately fits all the experimental data was found fb be trons in the energy range2E<14 meV (a reduced beam
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FIG. 1. Energy dependence of neutron transmission for the pres-
sure cell loaded with our NENP sampleTat 1.8K. The solid line
is an approximate fit given in Eq.4).

FIG. 2. Constan® scans aQ=(0.833,1,2.5) picking up both

. . transverse and longitudinal fluctuations Rt2.5 GPa(top) and
size~3X 3 mnt was used for this measuremerhe com-  p_0 1 mpa(bottom.

plicated structure of the curve indicates that the transmission

is limited by Bragg diffraction from the AD; cylinder. In - raca)ling that inelastic neutron scattering only probes spin
the energy range 4E<14 meV, the measured cell trans- {jctyations polarized perpendicular @'° we note that the
mission is well approximated by the superposition of three(l,o,o direction was~80° out of the scattering plane. This

Gaussians, means that at least 97% of the spin fluctuations polarized
E—4.07\2 alonga* were always probed. Second, since the dispersion
T(E)=0.085+ 0.031ex;{—<—'7) ] of the excitations along* has period 2 inh,? it is quite
0.283 negligible forh<<0.2, which is the case in present study. All
E—53\2 constantQ scans were performed &t=1, i.e., with wave-
—0.035 ex;{ - (m) ] vector transfer along the cham= .
_ 2
+0 021ex4 _ E_lo'2> ] 4) IV. RESULTS AND DISCUSSION
' 3.58 '

o o N Our experimental results are shown in Figs. 2-5. The
as may be seen in Fig. 1. Scattering intensities measured gattering intensity is shown normalized to 10 min counting

P=2.5 GPa were subsequently corrected using the aboVine, although due to the low transmission of the pressure
expression for the energy-dependent transmission of thge| the bulk of the high-pressure data was counted three
pressure cell normalized to unity for the constdhb  times this long to obtain adequate statistics. In Fig. 2 we

:'dz deV scan. Specifically, the actual count rate was dipresent energy scans@t=(5/6,1,5/2. The large component
vided by

\/ Q=(1/15,1,1/5) Q=(2/15,1,2/5) Q=(1/6,1,1/2)
T(ho)= T(Ei+hw)T(E;) 1200 T T T | S —
VT(6.24 meVT(4.24 meVf | a || )

~10JT(E;+hw)T(Ey), (5) sor, i i

whereE; is the final neutron energy anf(E) is given by & [

Eq. (4). The actual pressure applied to the sample at lows 40f 7 i

temperatures in our experiment wRs=2.5 GPa, as deter- g |1 45 |1 13

mined from the measured chang@/a=3.2x10 ?inthe g oL ™, L L

lattice constant of the NaCl sampfé. § | — | — | B —

For the reference measurements at ambient pressure w3, I a e) | f
extracted the microcell with the sample from the pressure’é
cell and placed it in a standaftLL-type) flow cryostat. Its
transmission for 5-meV neutrons measured the same way a
above was 0.6@), which can be attributed to incoherent 200k

scattering from the pressure-transmitting fluid and the NENP

s
=
®

Inte

sample itself. oba? ' g v
_The sample was mounted with (6,1,0 and(1,0,3 re- 10 15 20 10 15 20 10 15 20
ciprocal lattice directions in the horizontal scattering plane. fio (meV) o (meV) fi o (meV)

With this orientation, variations of the transverseith re-

spect to the spin chaipssomponents of the wave-vector  FIG. 3. Scans at differerg, probing the dispersion of the trans-
transferQ=(h,k,l) are coupled througih=1/3. However, verse fluctuations with wave-vector transfer perpendicular to the
the nonzerch had negligible effect in our experiment. First, chains:(@—(c) P=2.5 GPa;(d)—(f) P=0.1 MPa.



57 TUNING THE SPIN HAMILTONIAN OF ... 5203

1.6 T T T v v 50 v T d T T T
=(q/3,1, 0=(0.067,9,0.2) P=2.5GPa
L5k 25GPa Q=(a/3,1.9) ] - F Fomd |
T E
- L ] 25
% 14 %
g 13 0.IMPa ] g
3 2 0 1 ] 1
e 1'2__\E\E‘m—_ § T T T
Q
L1F : 2
1.0 . . . . . g
00 01 02 03 04 05 =
q(r.lLu)
FIG. 4. Dispersion curves for the transverse polarized gap mode 0.8 0.9 1.0 1.1 1.2
obtained with Eq(6) using parameters from Table 1. Open symbols q.Lu)

and error bars were obtained from independent unconstrained fits of

each individual peak with the resolution convoluted line shape. FIG. 5. Constanfw scans sensitive to the velocity of excita-

tions along the chains &=2.5 GPa(top) andP=0.1 MPa(bot-
tom).
of Q transverse to the chains means that more than 90% of
the intensity of the longitudinally polarize@.e., parallel to ~ chain direction, so that between 100% and 70% of the inten-
the chain axisfluctuations is observed. At ambient pressuresity of the a*-polarized transverse fluctuations and up to
(0.1 MP3 the corresponding gap i,=2.49 meV, in agree- 30% of the intensity of the longitudinal fluctuations are mea-
ment with previous studie€s® At P=2.5 GPa this mode sured. The latter is seen as a small rise after the main peak in
shifts to lower energy and is found ah|(2.5 GPa) the high-pressure data where the corresponding mode is cen-
=2.2 meV. The numbers quoted here are determined frorfered at~2.2 meV. As shown in Fig. 4, a small shift af,
the fits discussed below. In contrast, the energy of the trand0 higher energies aschanges from 0.5 to 0 is clearly ob-
versely polarized mode, which at th@ primarily contains ~ served at ambient pressure. Rt=2.5 GPa, however, this
fluctuations polarized along*, increases under pressure shift is much smaller and barely exceeds the experimental
from A, =1.18 meV toA, (2.5 GPa=1.43 meV. This in- accuracy. Finally, one constafiw=2 meV scan was per-
crease of the energy gap in the magnetic excitations speéormed at each pressure to probe the dispersion of the trans-
trum qualitatively agrees with the results of recent heat caverse fluctuations witfg along the chains. These scans are
pacity measuremerfs performed at pressures up to shown in Fig. 5.
~0.5 GPa. The solid curves shown in Figs. 2—5 were obtained as a
Figure 3 shows scans that probe the dispersion of theesult of a global fit to all the data at each pressure using the
transversely polarized modes with wave-vector transfer peresolution-convoluted theoretical expressibnfor the
pendicular to the chaing, ~2l1. The presence of cell ma- neutron-scattering cross section based on the single-mode
terial in the beam causes much higher inelastic backgroundpproximation[Eq. (2)] for S*¢(Q,w). To account for the
and elastic scattering intensity in the high-pressure data. Fafispersion perpendicular to the chains we used the dispersion
0=<I1=<0.5, Q makes angles between 0° and 33° with therelation

_ q 1—cosqcos
o, (Q)= \/A§+vz sirfq+A sinZ%Jr(AEL)Z#, (6)

with g, =2l. This was derived by adding in quadrature the The valuesy?=3.27 andy?(2.5 GPa)=0.95 once more in-
energy of the Haldane modes given by E3).with the trans-  djcate the validity of the single mode approximatic@.

verse dispersion obtained for magnons in spin-wave theory. |t can easily be shown within the framework of perturba-
We note that forq close tow, Eq. (6) was obtained by

Affleck’” by treating the array of weakly interacting Haldane ~ TABLE I. Summary of the dispersion parameters obtained from
chains on the basis of the nonlineamodel. Except for the  the global fits to data at two pressures; is the average gap de-
common parametets; A, ,v,AE, in Eq.(6), for each scan fined with Eq.(7).

only the individual constant background and Gaussian inten=

sity and width of the diffuse tail of incoherent scattering Pressure AL A Ay v AE,
were varied in the global fit. Due to the limited rangeof (meV) (meV)  (meV) (mev) (mev)
probed, the parametek was fixed at the value 34 mév 1 1.1804) 2.491) 1.621) 9.3420) 0.433)

determined previousl§ The results of the fits for the param- 2 5x 1¢° 1.4266) 2.202) 1.682) 9.47200 0.327)
eters in the dispersion relation are summarized in Table |
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tion theory! that the single-ion anisotropy ter@=,;(S?)?2 V. CONCLUSION
gives a splitting of the initially isotropic Haldane triplet such In conclusion, changes in the spin dynamics of the

that the average gap value remains U”Ch?‘”éeq*%Ai Haldane gap antiferromagnet NiggsN,),NO,CIO, under
=Ay . This fact can also be established with the symmetry,ghjieq hydrostatic pressure of 2.5 GPa were studied by in-
arguments presented in the numerical study by Mesfikov, ejastic neutron scattering and another point in the
where to~1% accuracy the splitting was found to obey  (p/J,3'/J) phase diagram of th&=1 spin system in the
Haldane state has been attained experimentally. The princi-
pal effect of pressure was found to be a decrease by a factor
1.7 of the single-ion anisotropy constant in the spin Hamil-
(7) tonian of the Nf" magnetic ions. This finding explains the
increase with pressure of the effective spinﬁ%;pEx in NENP
observed in the recent heat capacity measure deing
so thatA|—A, =2D. While we found that the average gap the result of the increasing energy of the lower doublet com-
valueA; essentially did not change under pressure, the splitponent of the Haldane triplet. The exchange constant it the
ting of the gap decreased by more than 50%. This implieglirection perpendicular to the chains was also measured. It is
that only D is affected by hydrostatic pressure, whilee-  smaller than the exchange aloagand seems to decrease
mains unchanged. Using Eq7) we arrive at the value glightly with pressure. Thus the overall effect of applying
D(2.5 GPaj=0.09(1) for the anisotropy constant as com- hydrostatic pressure in NENP is not to move the system
pared t00.16(2)) under normal conditions. This result can towards the phase transition to théellerdered ground state
be given a simple interpretation: Since the hydrostatic preser the largeDb planar phase but to bring it closer to the iso-
sure is isotropic, it tends to pack charge distributions insidéropic 1D limit.
the crystal more symmetrically, thereby reducing the local
anisotropy. From the transverse dispersion paramgter ACKNOWLEDGMENTS
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