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Coexistence of one- and three-dimensional excitations in a quasi-one-dimensiorgs 1
Heisenberg antiferromagnet
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Electron-spin resonand&SR measurements at high frequency and high magnetic field are performed on
the quasi-one-dimensiondlD) S=1 Heisenberg antiferromagnet, N§i&,,N,) ,Ns(PF;) that exhibits a field-
induced long-range orderin@RO) at low temperatures. In the Haldane disordered phase, the ESR signals we
observed are well described as originating from the transitions within the first excited triplet of a single chain.
In the LRO phase, we observed two ESR branches, one of which is assigned to an antiferromagnetic resonance
mode, and the other to a 1D excitation that persists in the LRO pf@8#63-182@09)02037-9

When the exchange interactions between spins are réH) versus temperatur€l) phase diagram which is repro-
stricted to lower dimensions, magnetic materials exhibit fasduced in Fig. 1. It would be interesting to study the magnetic
cinating properties. Mesoscopic magnetism appearing iexcitation in the field-induced long-range orderddRO)
zero-dimension(0D) has attracted much attention from phase of ars=1 quasi-1D HAF. In this paper, we report the
condensed-matter physicists. There has been a renewed ipbservation of an antiferromagnetic resonan@MR)
terest in 1D Heisenberg antiferromagretAF) stimulated ~Mode in the LRO phase. We also observed an ESR signal in
by Haldane’s conjectureAccording to this conjecture, a 1D the LRO phase which can be explained as originating from a
HAF with integer spin quantum numbé®) has an energy 1D €xcitation. _ _ _
gap (Haldane gapbetween the singlet ground state and the First, we summarize the crystal_and_magnetm properties
first excited one, while the corresponding system with half-Of NDMAP. This compound crystallizes in the orthorhombic

odd-integerS has no gap in the excitation spectrum. This system with the lattice constards- 18.046 A,b=8.7050 A,

— 16 Nji2+ ; ido i
conjecture has been tested both theoretically and experime ndc=6.139 A Ni?* fons are bridged by azido ions along

tally. Now, it is widely accepted that the Haldane gap does} €c aX|15 making an antiferromagnetic chain along this

exist inS=1 1D Heisenbera antiferromaanetic svstems direction® These chains are weakly coupled via intervening
Th - i itai 9 tra S 1ng HAIz/’ h " PF; counter anions. All the Ni sites in NDMAP are crystal-
€ magnetic excitation spectra L S have lographically equivalent. This means that the staggered field
been studied by neutron inelastic scattefifigind electron-

) delt ; is absent in this compound. The magnetic parameters are
spin resonance™ (ESR) techniques. These measurementsypiained from the susceptibility measurement as foll&ws:
showed that the first excited state is a triplet whose energy i$/ks=30.0 K, D/J=0.3,g;=2.10, andg, =2.17. Here,J is
minimum at wave vectofq) ZegIU&“SW- Whexnzmag?e;lc an-  the intrachain exchange interaction constant gnaéndg,
isotropy terms such eBZ(S)° andEZ{(S)°~(S/)°} are  are theg values parallel and perpendicular to the chain

present, this triplet splits into three nondegenerate states. Qfkis, respectively. The anisotropy in the susceptibility due to
applying an external magnetic field, these states Zeeman split

and the ESR transitions within the triplet levels have been 15
observed ! Surprisingly, the ESR transitions from the sin-
glet ground state to the excited triplet which are forbidden
from the momentum conservation law have also been ob-
served in the quasi-1D S=1 HAF's,
Ni(C,HgN,),NO,(CIO,;) (NENP) (Refs. 8,10,11 and
Ni(C3H;10N,),NO,(CIO,) (NINO).2% Two theorie$?!3
were presented to explain these unexpected ESR transitions.
They invoked a staggered magnetic field caused by a stag-
gered inclination of the octahedra surrounding Nions.

This staggered magnetic field mixes the stateatd with

that atq= , thereby making the transitions from the ground
state to the excited triplet possible. A polarization analysis of
the ESR absorption in NINGQRef. 149 has confirmed the
theoretical prediction.

Recently, Hondat al.*® have reported the observation of  FiG. 1. The magnetic field versus temperature phase diagram of
a field-induced long-range magnetic ordering in the quasi-1INi(C4H,,N,),N;(PF;) determined from the heat-capacity measure-
S=1 HAF, Ni(CsH14N,),N3(PF;) (NDMAP). From a heat- ment.The phase boundary curve separating the long-range ordered
capacity measurement on a single-crystal sample OfLRO) phase from the disordered phagékaldane and paramag-
NDMAP, these authors have constructed the magnetic fieldetio is anisotropic. The figure is from Ref. 15.
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FIG. 2. An example of ESR spectrum obtained (@ the FIG. 4. The ESR signals observed in the LRO phase are plotted

Haldane disordered phase at the frequendydf 144.47 GHz, and I the frequency ¢) -magnetic-fieldH) plane. Dot-dashed line rep-

in (b) the LRO phase av=329.63 GHz. All these spectra were resents thev-H relation expected for the electron paramagnetic
taken at 1.7 K. resonance witly=2.17, along which a weak signal is observed.

the E term was so small that we were unable to determine itSI9n&ls in the frequency) —magnetic-field plane. We inter-
value. pret these ESR signals as arising from the transitions within

The single crystals of NDMAP were grown in the same the excited triplet. The magnetic-field dependence of the first

manner as that described befd?eThe ESR measurements €XCited triplet has been studied ztgmeoreticéﬂfo From the
were performed using a millimeter vector network analyzeerturbation theory, Golinellet al™ have obtained the fol-
with extension up to about 700 GHz from tA® millimeter,  oWing result wherH is applied parallel to the axis,
France and a superconducting magnet up to 20 T from the 1
Oxford Instruments, UK. At the low-frequency range below A=S{A+ Ay=[(A,— A2+ g? ugH2Y, (D)
100 GHz, we used a homemade spectrometer with a Gunn
oscillator!’ Becau_se the lowest temperature available WithwhereAy andA, are the gap energies in zero field angl is
our spectrometer is about 1.7 K, all the measurements welge Bohr magneton. We have another mallg (Ay<A,
done withH perpendicular to the chainaxis (H[[b axis). <A,) whose energy is independent léf The gap energies
Figure 2 shows an example of ESR spectrum observed in, , A, andA, are related to the single-ion anisotropy con-
(a) the Haldane disordered phase, andbnthe LRO phase, stantsD andE as given by Eqgs(2.11) and(3.1) in Ref. 20.
respectively. The absorption intensity (@ is much weaker The ESR transitions from thé, to A, andA, levels and that
than that in(b). This is easily understood if one remembersfgm theA, to A, levels are possible because of the presence
that the ESR signals irfa) originate from the transitions of the D and E terms. We found that the experimental con-
within the excited triplet. In this case, the absorption inten-gition (H||b) corresponds to the case bfx. A good fit
sity depends much on temperatiité® and is very weak at petween theory and experiment is obtained wikg
low temperatures below the temperature corresponding to the g 14 k using the value ob obtained beforé’
Haldane gap. _ . Next, we discuss the ESR signals observed in the LRO
First, we discuss the ESR signals observed in the Haldangnase. The experimental points are shown in Fig. 4. These
disordered phase. We plot in Fig. 3 the position of the ESReyperimental points constitute two excitation branches. Here,
H\ro is the transition field from the disordered to the LRO
400 phase afl = 1.7 K (Fig. 1). Since we expect an antiferromag-
3 ] netic arrangement of spins to exist in the LRO phase, one of
P 1 these two branches must be identified as an AFMR mode.
Due to the single-ion anisotrody (>0) term, spins in the
LRO phase are confined to a plane perpendicular tocthe
] axis. A small anisotropy coming from the single-i&term
. determines the easy axis in this plane, provided that we ne-
< glect the effects of dipole-dipole interaction. Let us assign
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the branch labeled 4 to an AFMR mode. We found that our
result is well fitted with the following formula proposed by
] Magarito etal?® to analyze the AFMR mode in the

b quasi-1DS=5/2 HAF, (CH;) ,NMnCl; (TMMC),
0 1 2 3 4 5 6

Magnetic Field (T) 27vly=g, ug{(H— Ho)z— C}llz, (2

FIG. 3. The magnetic field versus frequency plot of the ESRWhere, y is the magnetomechanical ratifl, is a constant
signals observed in the Haldane disordered phase. Curves labeledvhich was introduced to include a quantum effect on the
through 3 are the theoretical ones discussed in the text. AFMR frequency?! andC is a constant. From a fitting of Eq.
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(2) to the experiment, we géd,=2.0 T andC=14.5 . field side.The agreement between the theory and the experi-
The value ofH, obtained in NDMAP is larger than that in ment in the LRO phase should be considered as accidental.
TMMC. This shows that the quantum fluctuation in the As was discussed by Affleck,in the LRO phase of the
quasi-1D HAF becomes more prominent with decreaSing quasi-1D S=1 HAF, CsNiCk, the massive triplet of the
value. The constant in Eq. (2) is given byC=2HgH,,  single chain splits up into two massless Goldstone modes
whereHg and H, are the exchange and anisotropy fields,and a massive longitudinal mode. In CsNjGhe interchain
respectively’? Using the valuel/kg=30.0 K determined coupling is strong enough to induce an LRO at a finite tem-
before!® we getH,=0.18 T (QugHa/ks=0.26 K). This  perature even in zero field. We expect, however, that Af-
value of Hy is not far from theE value obtained in the fleck’s prediction will apply to our case as well.
present experiment. In conclusion, we have made ESR measurements on the
Finally, we discuss the ESR signals observed in the LRQquasi-1DS=1 HAF NDMAP which exhibits a field-induced
phase which do not belong to branch 4 in Fig. 4. We notgong-range magnetic ordering at low temperatures. In the
that these experimental points lie on branch 1 extrapolatedijadane disordered phase, the ESR signals we observed are
from the low-field side(Fig. 3). Therefore, we interpret this \ye|| described as originating from the transitions within the
ESR mode as originating from a 1D excitation persisting infirst excited triplet. In the LRO phase, we observed two ESR
the LRO phase. A possible explanation for this ESR trans'branches, one of which is assigned to an AFMR mode and

tion to occur would be the following. It is shown theoreti- y,q ey 1 5 1D excitation which persists in the LRO phase.

cally _that one of thg_%)éc'ted triplet crosses the ground state %Iearly, more theoretical studies on the excitation spectra in
a critical fieldH ;. Above H,; the ground-state energy _ 1 1D HAF'’s aboveH .. are needed
at g=0 is almost field independent. One sees in Fig. 3 otS cl '

Ref. 20 that the energy of the, state which is independent ~ We would like to thank H.-J. Mikeska for helpful discus-
of H belowH_; begins to increase witH above it. Although  sions. Thanks are also due to J. P. Boucher for useful com-
no theory is available about the nature of the excited tripleients. This work was supported by the MR Science Re-
aboveH.;, we expect that the\, state will have ag=0 search Program of RIKEN and was partially supported by a
component, because many energy levels are mixed at higBrant-in-Aid for Scientific Research from the Japanese Min-
fields. Then, we have an ESR transition from the groundstry of Education, Science, Sports and Culture. Z.H. was
state to theA, state whose frequency increases within  supported by the Japan Society for the Promotion of Science
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