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High-field magnetization and susceptibility measurements have been perforng&eloantiferromagnetic
bond-alternating chain compoundgNi,(dpt),(u-0x)(u-N3)(PFs) [dpt=bis(3-aminopropylamine, ox
C,0,] (abbreviated as NDOAPand [Ni(333-te}(u-NO,)]ClO, [333-tet=N,N’-bis(3-aminopropy}-1,3-
propanediaming(abbreviated as NTENPThe magnetization of NDOAP shows two steep increases at about
200 and 500 kOe. A magnetization plateau is observed between about 300 and 500 kOe, corresponding to half
the value of the saturation moment. Comparison between numerical calculations and the experimental results,
including the magnetic susceptibility, shows that NDOAP has a singlet ground state due to dimerization with
a bond-alternating ratie=0.1. The half-saturation plateau is also observed around 700 kOe in the magneti-
zation of NTENP. The magnetization process of NTENP is well reproduced by the numerical result calculated
for the parameter ofe=0.45 in the singlet-dimer phase. Thedependence of the magnetization processes is
discussed.

DOI: 10.1103/PhysRevB.69.174405 PACS nuni®er75.10.Jm, 75.50.Ee

[. INTRODUCTION have 25 quantum critical points with gapless excitation. In
addition to this, recently the condition for gap formation in a
In the past 20 years, several theoretical predictions fohigh magnetic field has also been presented, which can be
low-dimensional quantum spin chains have been verified bylso viewed as a kind of generalization of the Haldane
experimental studies. In particular, a large part of them wereonjecture’. The magnetizatiom of a quantum spin chain is
triggered by Haldane’s conjecture in 1983which states topologically quantized as
that an energy gap exists for the Heisenberg antiferromag- )
netic chain with integer spin values, while there is no gap for n(S—m)=integer, @
the chain with half-integer spins. Thereafter, his argumen{yheren is the period of the ground state. This expression is
has been applied to more complicated and generalized quaparticularly important in the analysis of a HABA with ex-
tum spin systems. _ _ plicit periodicity n=2, implying that the magnetization
Affleck and Haldane have described the Heisenberg antieyrve of a HABA with S=1 may exhibit characteristic pla-
ferromagnet with bond alternatioftHABA) by the Hamil-  (a5us.
tonian Among the various possible HABAs, the one wisi+ 1
has got particular experimental interest since some of these
_ i ) compounds have actually been synthesized. Theoretically,
H_Z [1+(=1)0]S S+, @ the following results are predicted for the HABA witR
=1. Depending on the value af, two different ground
where § represents the strength of the bond alternation andtates with an energy gap are possible: the singlet-dimer
S; is the S=1 spin operator at site®>~® They have shown phase and the Haldane phase, which can be connected with
that the system has massless critical points onlg-a{2k  an isolated dimer gap with5=1 and with the original
+1)7 with k=0,£1,=2, ..., where ¢ is the topological Haldane’s conjecture with=0, respectively. At the phase
angle given byd=27S(1— 6) based on the 3) nonlinear boundary, the energy gap vanishes with a massless excita-
o model. This means that a HABA with spis expected to  tion. For the gapless point, Singh and Gelfahdve applied
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a series-expansion technique and have estimated the criticaétization plateau in the quantum spin system. The experi-
value to bes.=0.25+0.03. Several numerical studies sup- mental results are summarized in a three-dimensional display
porting this estimated value fa¥, have been performed by as function of the magnetization, of the magnetic field, and

using the density-matrix renormalization-groMRG)  of the bond-alternating ratio. In the final section, the results

method and the quantum Monte CarllQMC) method'®  are summarized.

For the HABA in a magnetic field, theoretical studies have

shown that, for5# 0, the magnetization may be quantized at Il. EXPERIMENTAL PROCEDURES

m=1/2, in addition tom=0 and 1! _ _ _

As discussed above, the magnetic behavior of the HABA Single-crystalline samples were synthesized by a slow-
with S=1 is theoretically rather well predicted. The question€vaporation method. Here, we present the preparation proce-
arises which material is suitable to verify experimentally thedureé of NTENP. The compound NDOAP was synthesized in
behavior of a HABA withS=1. In the experimental studies @ Similar way. Stoichiometric amounts of Ni(GJf3-6H,0

of S=1 spin systems, the most important compounds are thgPurity 99.99% and 333-tet amine were mixed in ultrapure
ones consisting of Nil) ions. In fact, several Nil) chain water and the aqueous solution was filtered. Then, an aque-

compounds with alternating bonds have beenPUS solution of the required stoichiometric amount of NgNO
synthesized®**These compounds have two different typesWas added to the filtrate and the solution was put on a shelf
of bridging ligands or two crystallographically different for about 1 month. _ .
ligands which connect Ri ions, resulting in the formation _ The temperature dependence of the magnetic susceptibil-
of S=1 chain structures with bond alternation. However, thelly Was measured in a SQUILBuperconducting QUantum
studies performed on these compounds mainly concern th@terference Device magnetometer (Quantum Design
relation between the magnetic interactions and the chemicdPMS-XL7L). Diamagnetic corrections were carried out ac-
bonds and not much attention has been paid to propertie@rd'ng to Pascal’s sum rule of the diamagnetic contributions

such as the gap formation, the gapless point, and the magn0m chemical bonds and the elements of the compdiind.
tization platead 71117 High-field magnetization measurements were performed by

The aim of the present work is to carry out a systemati!Sing pulse magnets that can produce magnetic fields up to
experimental study of the HABA, enabling a comparison800 kOe without destruction. The magnets have been made
with theoretical predictions. For this purpose, a series ofy Winding coils of Cu-Ag wire. The coils are reinforced by
HABA compounds is needed with typical bond-alternating@ ring of Maraging steel with a tensile strength exceeding
parameterss in a variety of the Ni based compounds. The 200 kgf/mnf. The magnets are immersed in liquid nitrogen
gapless point has previously been confirmed by magnetizd? order to lower the electrical resistance and to reduce the
tion and susceptibility measurements on the HABA com-Joule heat. Field pulses of about 550 kOe can be generated
pound [Ni(333-te}(-N3)](ClO,) [333-tet=N,N’-bis(3-  €very 25 min. Experimental data are collected by utilizing a
aminopropy)-1,3-propanediamie  (abbreviated as digital transient memory IWATSU DM-2350. The values of
NTEAP).® It also has been shown that the ground statdhe magnetic field and the magnetization were calibrated by

of [Ni(Medpt),(x-0x)(x-Ns)] (ClO,)-0.5H,0 [Medpt the spjn-flpp transition f'ield. and the linear incrgzase after the
=methyl-big3-aminopropylamind (abbreviated as transition in the magnetization curve of the typical antiferro-
NMOAP) (0x=C,0,) lies in the singlet-dimer phase and Magnet Mnk.
that its magnetization process has a half-saturation plafeau.
In order to study the HABA systematically as a continuous Ill. CRYSTAL STRUCTURES
function of 6, other HABA compounds that fill in the region
.. . A. NDOAP
of missing é values are required.

In this paper, we report on experiments on two types of [Niy(dpt),(x-0x)(u-N3)] (PF) (NDOAP) crystallizes
Ni2* chain compounds] Ni,(dpt),(u-0x) (x-N3)](PFs)  in the monoclinic structure, space groB@,/a with the lat-
[dpt = bis(3-aminopropylamine, ox= C,0,] (Ref. 14 (ab-  tice parameters=10.989 A, b=19.357 A, c=12.598 A,
breviated as NDOAP and [Ni(333-te}(u-NO,)](ClO,)  and B=107.27° Figure Xa) shows the molecular struc-
(Ref. 15 (abbreviated as NTENPMagnetization and sus- ture. It is noted that the counteranionsgP&re omitted for
ceptibility measurements have been performed on these twaimplicity. Each Nf* ion is coordinated octahedrally by
compounds and the obtained results are compared with nithree nitrogen atoms of an aminate ligand, by two oxygen
merical calculations by means of the exact diagonalizatioratoms of an oxalato ligand, and by one nitrogen atom of an
method® and the DMRG methoé!~?° Finally, we present azido ligand. These Ri ions are linked to both neighboring
the experimentally determined magnetic phase diagram fdNi?* ions by the oxalato and the azide ligands, respectively.
HABA (Fig. 8). Consequently, the Kif ion chains are composed of alternat-

The paper is organized as follows. In the following sec-ing bridges along tha axis.
tion, details of sample preparation and the experimental
equipment are presented. Section Il is devoted to the crystal B. NTENP
structures of NDOAP and NTENP. In Sec. IV, we report the ) ) _
experimental results and compare them with the numerical [Ni(333-te}(1-NO,)](CIO,) (NTENP) crystallizes in the
calculations. In Sec. V, we compare the alternating exchanggiclinic structure, space group1.'® The lattice constants
interactions with the bridging ligands and discuss the magand angles at room temperature aae-10.747(3) A, b
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FIG. 2. Temperature dependence of the magnetic susceptibility
of NDOAP in a magnetic field of 1 kOe. The susceptibility around
the broad maximum is shown in the inset. The open circles, pluses,
and crosses represent the experimental data obtained with the field
applied along the, b, andc* axes, respectively.

b) NTENP
(a) NDOAP (b) N2 N
FIG. 1. Chain structures of NDOARY) and NTENP(b). The H=3D, (S 1-Soi+aSoi-Soiv1)— >, GousSH,,
counteranions PF for NDOAP, CIQ, for NTENP, and hydrogen i=1 i=1
atoms for both compounds are omitted for simplicity. Each atom is 3)

represented by different circles as illustrated in the figure. where N is the system size numbet,and aJ are the ex-

change constants between two different nearest neightors,
=9.413(2) A, ¢=8.789(2) A,ls a=95.522)°, B s the bond-alternating ratio between two exchange constants
=108.983)°, andy=106.833)°.” Figure Ib) shows the mentioned abovey, is theg value of the Ni ions along the
chain structure of NTENP. The chain is CompOSEd 0%+N| aXiS,,LLB is the Bohr magnetorslz is thez component OS| ,
disordered as is common in these kinds of compounds. EaGltig «, it holds thata= (1-8)/(1+ 8). Note that the criti-
chain is well isolated by CIQ counteranions with which no g point §.=0.25 corresponds ta.=0.6. In the following
hydrogen bonds exist. The most important feature is that thgections,a will mainly be used to identify bond-alternating
inversion centers are not situated on thé"™Nions but on the  chain compounds. In the calculations, periodic boundary

nitrito groups and two different bond distances of 2B4A  conditions have been imposed and the system size has been

and 2.4326) A exist between the Ni" ions. As a result, this  taken up to eight sites.

compound is expected to be of the bond-alternating chain The experimentay e, curve has been fitted by the calcu-

type. lated y.aic curves. Figure 3 shows the fitting result for vari-
ous values ofx. The curve obtained for a bond-alternating
ratio «=0.1 reproducesyey quite well and the obtained

IV. RESULTS AND ANALYSES parameters ard/ks=40.1 K andg,=2.23 for thea axis.
A. NDOAP 0.025 T T T
1. Susceptibilities H | a-axis (chain)
0.020 ¢ DIJ=0.0
The magnetic susceptibility of NDOAP is shown in Fig. _
2. The magnetic field is applied along theb, andc* axes, E 0.015 [ ) , .
where thec* axis is defined to be perpendicular to taand F e
b axes. The susceptibilities along the different axes are al- £ 0.010 =02
most identical. The susceptibility has a broad maximum at * 0o =03
about 40 K. In the low-temperature region, the susceptibility 0.005 Hff ~— =04 ]
steeply decreases to almost zero, indicating the existence of 1 @=05
an excitation gap above the singlet ground state. Forathe 0.000 5'0 1(‘)0 15'0 300

axis, the maximum value is 2.5% smaller than for the other
axes which is due to a slightly smallgvalue for thea axis

than for the other axes. FIG. 3. Temperature dependence of the magnetic susceptibility

We compare the susceptibility along theaxis with the  of NDOAP, calculated for different values of the bond-alternating
numerical calculations in terms of the exact diagonalizationratio « by means of the exact diagonalization method withg
method?° Defining thea axis, which is the chain direction, =40.1 K, g,=2.23. The open circles represent the experimental
as the magnetic principalaxis, we consider the Hamiltonian data of NDOAP along tha axis.

T (K)
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FIG. 4. Magnetization curves of NDOAP at 1.3 K along the FIG. 5. Magnetization curves of NDOAP fof/J=0.00 and
(solid line), b (dotted ling, andc* axes(dashed and dotted line  0-05, calculated by means of the exact diagonalization method. The
Each magnetization has been normalized to that along thas at  thick solid curve represents the experimental data along ties.
the half-saturation plateau. The inset shows the magnetization curve
calculated for arS=1 antiferromagnetic isolated dimer with the

phara;meterstl.3 K, g=2.23, andJ/kg=38.2 K obtained from 1. Susceptibilities and magnetizations below 250 kOe
the fit in Fig. 5.

B. NTENP

The susceptibility and magnetization curves shown in Fig.
] ] . 6 have been reported previously by some of the present
These parameters are in satisfactory agreement with the vayythors?” The susceptibility curve is compared with the sus-
ues ofJ/kg=39.4 K, «=0.1, andg=2.19, which have been ceptibility calculated numerically by means of the QMC

derived from the susceptibility of a powdered samfle. method, giving the parameters=0.45,)/kg=54.2 K, D/J
=0.25, andg,=2.14 for the magnetic field parallel to the
2. Magnetizations chain direction. In this calculation, a uniaxial single-ion an-

isotropy termEi’\':lD(Sf)2 was introduced into the Hamil-

High-field magnetization measurements were performedian (3). The magnetization curves clearly indicate the ex-
at 1.3 Kin fields up to about 600 kOe, applied alongahb,  jstence of a gap and the singlet ground state is realized up to

and c* axes (Fig. 4. Because no hysteresis is observedaround 100 kOe, where the magnetization increases abruptly.
within the experimental accuracy, only the curves measured

with increasing field are shown. Being almost zero in the 0.010 : : :
low-field region, the magnetization increases sharply at (a) =045, DIJ =025
about 200 kOe for all directions and reaches half of the satu- Jy=542K, g =2.14
ration value. At about 500 kOe, the magnetization increases
again and tends to saturate at about 600 kOe. Similar to the
magnetic susceptibility, no clear axial dependence of the
magnetization is observed.

The steplike increase of the magnetization clearly indi- 0.003 [ o experiment H || chain ]
& o experiment H 1 chain

0.008

2 (emu/mol)
e
=
5

cates the existence of an excitation gap. One of the striking QMC calculation
features is the half-saturation plateau observed between 0.000 B L ,
about 300 kOe and 500 kOe. The width of the plateau is 0 50 100 150 200
smaller than that obtained with the isolated dimer model r®

. . : o : 0.30 T .
shown in the inset of Fig. 4. This difference arises from the )
many-body effect of the quantum system, which causes the 0.25
gradual increase of the magnetization between 200 and 300 E —H || chain L
kOe and between 500 and 600 kOe. 020 ——-H 1 chain s

The magnetization of the bond-alternating chain has also
been calculated by means of the exact diagonalization
method. Figure 5 shows the curves calculated de+0.1,
together with the experimental result along thexis. The
calculated result fo/J=0.00 deviates from the experimen-
tal result around both edges of the gradual slopes of the 0.00
magnetization. The calculated curve is in better agreement
with the experiment, if one takes the thermal effect into ac-
count. Using theg value obtained from the susceptibility — FIG. 6. (a) Temperature dependence of the susceptibility of
measurement, we get the paramelfg=38.2 K which is  NTENP at 1 kOe and the susceptibility calculated by means of the
close to the value derived from the susceptibility measureMC method with the parameters shown in the figub®.Magne-
ments. tization curves at 1.3 K up to 250 kOe.

M (u/Ni)
(=)

=}
—_
(=)

0.05

\
NN T T "W

S prre e

1 IR T TR TN N N TN T TR SN N N
50 100 150 200 250
H (kOe)
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2ol - Iexperimlent o 1I.3K(T/IJ=0.0|2) "A TABLE | Alternating. exchange interaction F:sttants of
—PWERG (T/J = 0.05) / NDOAP aqd NMOAP estimated from the susceptibility and the
- - -PWERG (T/J = 0.00) magnetization measurements.
L5} ]
z Compound J/kg adlkg
\m
S weods ] NDOAP 38-40 K 4K
g, =214 NMOAP 43-44 K 11-13 K
05 ¢ Tk =542K ]
DI =025
0 = 00 00 800 1000 1200 among nickel compounds with oxalato bridge. Although
H (kOe) there is a little deviation depending on the distance and the

o o angle, the exchange interaction constant was found to be in
FIG. 7. High-field magnetization process of NTENP up 10 he range from 55 K to 30 K. On the other hand, since the

700 kOe in the chain direction and the theoretical curves calculategzido ligand has a great flexibility in bond angle and dis-
by means of the PWFRG method far=0.45 andD/J=0.25 at tance, the exchange interaction through the ligand is ex-

T/3=0.00 and 0.05. pected to be sensitive to these parameters. According to such
discussion, we conclude that the oxalato and the azido bridge
in NDOAP should contribute to the larger and the smaller

T_he grognd state of NTENP was a_lso verified to be th‘?\/alues of these alternating interaction constants, respectively.
singlet-dimer phase by the observation of an edge state in

NTENP doped with the nonmagnetic impurity Zh. B. Magnetization plateau
2. Magnetization up to 700 kOe Magnetization plateaus have been observed in several

Our theoretical calculation suggests that, for the Hamil-!(Inds O.f magnetic materials. When 2a8 system is strongly an-
%otropm, for example, CoGli2H,0,~® well known as an

tonian with the above parameters, the system should have t € 10 Spin Svstem. maanetization plateaus aopear due o Spin
magnetization half-saturation plateau in a magnetic fieIcJ g spin sy » mag P PP P

higher than 250 kQOe. In order to examine this, magnetizatioﬁearrangement’ for instance, from up-down—up-down to up-

! Ué)—down-up. In addition, antiferromagnets composed of a

measurements up to 700 kOe were performed using the puIssmall number of spins may have plateaus as a result of level

magnet introduced in the preceding section. Figure 7 Shc’Wérossin of discret?e ener y Ievelspdue to the quantum origin

the experimental result together with the calculated CurveS'Howevgr the oriain of thg)r/na netization Iatgau of a H ABgA '

When the magnetic field is applied along the chain, thel com Iétel di?ferent from '?he above (F:)ases because this
onset of the half-saturation plateau around 700 kOe can be pletely it . Y e

System is nearly isotropic and the system size is infinite.

observed. This experimental result is compared with the the- Let us first consider an assembly of isolated dimers as a

oretical curves fow=0.45 andD/J=0.25 atT/J=0.00 and simple quantum case. This corresponds to the ca 3
0.05, which were calculated by means of the product-wave: pie g : P

function renormalization-grougPWFRQ method?? and in the Hamiltonian in Eq.3). At zero magnetic field, the

by the finite temperature DMRG methdt,?® respectively. energy-level scheme consists of a singlet, a triplet, and a
The parameters in the calculations have originally been estﬂumtet state. On appllcatlon of a magneuc field, level cross-
mated by Narumiet al2’ Although the experimental curve ing between the singlet and the triplet state and between the

deviates slightly from the calculated ones above about 4OH|pIet and the quintet state will t?"e _place. As a conse-
kOe, the agreement is reasonable. quence, plateaus appear at magnetization pensi®, 1/2,

and 1. What happens when the dimers interact weakly with
each other so that the system forms a chain? As the inter-
V. DISCUSSION dimer interaction develops, the discrete energy levels spread.
The energy gap between the levels may vanish, finally result-
ing in the formation of an energy band. This does not seem in

Two exchange constantsJ/kz=38.2 K and aJ/kg  favor of the occurrence of a magnetization plateau, but it is
=3.82 K) correspond to the two different superexchange innot trivial whether the plateau vanishes or not. Tonegawa
teractions in NDOAP. The compourjdNi,(Medpt),(u-0x) et al!* have calculated the phase diagram in the magnetic
X(m-N3)] (ClO,) - 0.5H,0 (abbreviated as NMOARwhich  field versus bond-alternating ratio plane by using the exact
has a similar structure, has the same bridging ligands. Thdiagonalization method. They conclude that the half-
magnetic properties and thevalue estimated for this com- saturation plateau appears B/J=0 and a#1. Later,
pound have been reported earfitm Table I, we present the Totsukd’ investigated the magnetization plateau using the
exchange interaction constants of both compounds for conbosonization technique and came to the same result as Tone-
parison. gawaet al.

The correlation between magnetic interactions and bridg- When we apply the necessary condition for the magneti-
ing ligands have been studied quite Well**®The oxalato  zation plateaus given in Eq2) to the S=1 HABA, the
ligand generally takes a planar conformation, so that there imagnetization is possibly quantizednat= 1/2, in addition to
no significant difference in bond distance and bridging anglen=0 and 1, as observed in the present experiments. It

A. Bond alternation and chemical bridge
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g1 NMOHP (a) singlet-dimer (b) Haldane
g *«. NDOAP
E T EDERD DO~
g | m=1/2 m=1
3 0s[ (© (C))
5 - " NMOAP |-, . . . . L
2 | el QIS QIGEET
L =0 ~. . NTENP ) _ )
0 YA — A . FIG. 9. Schematic representations based on the VBS picture.
' / e ] The small circles represent the spin-1/2 variables. The large open
¥, _/ "-..__ TMNIN circles show the symmetrization of two spin-1/2 variables to make
05 [ NTEAP "~ ] spin-1 at each site. The solid small circles connected by the solid
"’4(;\0 T 1 lines and the open small circles connected by the dotted lines rep-
. i ] resent the singlet and the triplet pairs, respectively. The details of
(o] . .
e Nieiiiiiriiiiiii N each sketch are described in the text.

0 1 2 3 4
Magnetic field H/J

FIG. 8. Magnetization curves of bond-alternating chain com-Processes of NDOAP, NMOAP,NTENP, and NTEARREef.
pounds in a three-dimensional display of the magnetization, thd8) reproduce thex dependences of the=0 and 1/2 re-
magnetic field, and the bond-alternating ratio. The dimer compoun@ions. According to the theoretical prediction, as the alternat-
NMOHP and the uniform chain compound TMNIN are the extremeing ratio increases, the spin gap decreases, then vanishes and
cases of the bond-alternating chain. The magnetization and thepens again. On the other hand, the half-saturation plateau
magnetic field are normalized to the saturation magnetization angurvives until the system becomes completely uniform. All
the strongest nearest-neighbor exchange constant, respectively. Tegperimental results up to now support the prediction con-
dotted lines represent the phase boundaries without anisotropy agrning the plateau. Unfortunately, no candidate compounds
calculated by Tonegawet al. (Ref. 11, showing the half-saturation plateau have been found so far

for the case of 0.8 a<1.

The schematic representation based on the valence-bond-
should be noted that the plateau does not always appeaplid (VBS) (Ref. 33 picture is useful to classify each phase
when the quantization condition is satisfied. The absence aff the HABA. The singlet-dimer ground state consists of two
the plateau withm=0 at the gapless point of the HABA is singlet bonds in coupled pairs of spin-1 as shown in Fig.
such a case. Note also that the period of the ground state #a). On the other hand, the Haldane state consists of singlet
determined not only by the explicit spatial structure of thebonds of the two spins at one site with the spins at different
Hamiltonian but also by spontaneous symmetry breakingneighboring sites, as shown in Fig(b®. When the phase
Such examples are known for ti&=1/2 casé’ and theS transition occurs from the Haldane to the singlet-dimer phase
=1 case? at =0.6, a rearrangement of the singlet bonds takes place.

The VBS representation has been shown to be valid for the
_ experimental study of NENP, which was the original
C. Phase diagram Haldane chain withx=1,%* and of NTENP, whose ground

Finally, we present the magnetization curves, obtained irstate was verified to be in the singlet-dimer ph&Estipon
the present and in previous works, in a three-dimensionapplication of a magnetic field above a critical value, singlet
diagram of the magnetizatiom, the magnetic fielH, and  bonds begin to break, making excited triplet pairs, which
the bond-alternating ratia in Fig. 8. The dotted lines illus- correspond to the development of the magnetization. When
trate the phase boundaries withJ=0 calculated by Tone- just half of the singlet bonds are broken, the system is in the
gawaet al! For each compound, an estimation of the mag-half-saturation plateau phase. On applying a magnetic field
nitude ofD/J was giving the valueB/J~0 for NDOAP and  to the system in the singlet-dimer phase, one of two singlet
NTEAP, 0.07 for NMOAP, and 0.25 for NTENP. There is no bonds in each coupled spin-1 dimer is broken to produce an
qualitative difference in the calculated phase diagram in th&xcited triplet as shown in Fig.(§). On the other hand, for
H versusa plane in the range ob/J=0~0.25. Thus, it the case of the system in the Haldane phase at zero field, the
seems reasonable to make a comparison between the expéinglet states which are formed through the weaker exchange
mental results and the phase diagram calculated @ith  interactions change into the excited triplets as shown in Fig.
=0. 9(d). We cannot distinguish these two situations, because the

The magnetization curve of [ Niy(Medpt),(u-0X) exci;ed triplgts are Iike]y to move owing to _the existence qf
X (H,0),](ClO,),-2H,0 (abbreviated as NMOHP(Ref.  the intrachain interactions. Thus, we see in the phase dia-
31) is plotted as a typical curve of the isolated dimer ( 9ram that the half-saturation plateau state is a unique phase,
=0). Large plateaus witm=0 andm=1/2 were observed independent ot in the S=1 HABA.
like a staircase. On the other side of the bond-alternating
ratio (#=1), zero magnetization up to 0.3l1s followed by
a continuous increase up to the saturation in the magnetiza-
tion curve of (CH),NNi(NO,); (abbreviated as TMNIN3? We have investigated th8=1 antiferromagnetic bond-
In the intermediate region @a<1), the magnetization alternating chain by means of susceptibility and high-field

VI. SUMMARY
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