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Field-induced long-range order in the S=1 antiferromagnetic chain
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The quasi-one-dimension&= 1 antiferromagnet in magnetic field is investigated with the exact diago-
nalization of finite chains and the mean-field approximation for the interchain interaction. In the presence of the
single-ion anisotropy, the full phase diagram in thé T plane is presented fat||D andH.L D. The shape of
the field-induced long-range ordered phase is revealed to be quite different between the two cases, as observed
in the recent experiment of NigEl;,N,),N3(PF;) (NDMAP). The estimated ratio of the interchain and
intrachain couplings of NDMAP J'/J~10"%) is consistent with the neutron-scattering measurement.

Since Haldane conjecturkthe presence of the spin exci- phase diagram. In this paper, using the exact diagonalization
tation gap in the one-dimensional integgHeisenberg anti- of finite chains and the mean-field approximation for the
ferromagnets, th&=1 antiferromagnetic chain has attracted interchain interaction, the phase diagrams féffD and
a lot of interest. Many theoretical and numerical works indi-HL D are presented to compare with the experimental ones
cated the disordered ground state of the system. The meaand give some suggestions for future experiments.
field approximation for the interchain interaction combined In order to investigate the magnetization process of the
with the exact diagonalization of finite chafn®vealed that quasi-one-dimension&=1 antiferromagnet with the planar
such a disordered ground state should be realized even in tlsingle-ion anisotropy, we consider the Hamiltonian,
quasi-one-dimensiongd=1 antiferromagnet if the ratio of
the interchain and intrachain couplings holdd'/J=<0.05

wherezis the number of adjacent chains. It was derived from HZJ; Z Slli'sl"i+1+‘],<2,> EI Siit Sy
the value of the staggered susceptibility of a single chain in o
the ground state ~20/3) .24 The criterion was satis- N
g Xst (10) ) +D§j: Z (szyi)Z—HEj: El: S 1)

fied for the material Ni(GHgN,),NO,(CIO,),® abbreviated
NENP. In fact the Haldane gap had already been observed in
the temperature dependence of the magnetic suscepfibilitvhered andJ’ are the intrachain and interchain couplings,
and the high-field magnetization measurements of NENP. respectivelyj is the index of a chain, andj ;,, means the
The effective-field theofyand the size scaling analysis sum over all the pairs of nearest-neighbor chains. WeJ set
with the finite chain calculatioht® indicated that the field- =1 and use the units such ggg=1 throughout the paper.
induced transition occurs from the disordered ground state t®nly the XY-like anisotropyD>0 is investigated, to com-
the gapless Tomonaga-Luttinger liquid phase at some criticglare with the experimental results of NDMAP. To consider
external fieldH.; where the Haldane gap vanishes. With thethe two casega) H|[D and (b) HLD, we seta=z andy,
interchain interaction, the gapless phase would become thespectively. When the antiferromagnetic order is possibly
ordered phase. Thus the field-induced antiferromagneticyduced by the external field, thexy plane is an easy plane
long-range order is expected to appear H; in the for (a) while the x axis is an easy axis fotb). Thus the
quasi-one-dimensionalS=1 system. NENP, however, universality class of the symmetry breaking should be differ-
did not exhibit such a field-induced spontaneous sym-ent between the two cases; the former corresponds t§ Yhe
metry breaking, because the staggered moment is forcesodel[ U(1)] while the latter the Ising oneZ).
to appear even by a smaller external field through the In the magnetization process at low temperatures two
alternation of theg tensors:!~'3 Recently the field-induced phase transitions are expected to occur at critical fields
transition to the long-range order was discovered in the highH;;(T) andH.,(T). At T=0 the Haldane gap vanishes at
field magnetization measurement of quasi-one-dimensionall.;(0) and the magnetization is saturatedHa,(0). The
S=1 systems Ni(GH4N,)-N5(CIO,) (Ref. 14 and  antiferromagnetic long-range order in the vertical direction
Ni(CsH1N,)oN3(PRs),'®  abbreviated NDMAZ and to H should appear betweét,;(T) andH,(T). Based on
NDMAP, respectively. The magnetic susceptibility measurethe mean-field approximation for the interchain interaction,
ment indicated the presence of the easy-plane single-ion atthe critical fieldH;(T), as well asH,(T) is determined by
isotropy D for both systems and the value was reported ashe solutionH of the equation
D~0.3] for NDMAP. The experimental phase diagram of
both systems in théedT plane exhibited a quite different )
shape of the ordered phase between the two cases when the Xstapf T.H) = PR )
external fieldH is (a) parallel and(b) perpendicular to the
principal axis ofD. This is probably because the universality where xg 1p(T,H) is the staggered susceptibility of the
of the symmetry breaking is different between the two casesone-dimensional systend{(=0) andp (=X, Y, or z) speci-
Thus it would be interesting to present the theoretiddl  fies the easy component of the antiferromagnetic order. To
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FIG. 1. Hyy(T) andH.,(T) plotted versug for L=8, 6, and 4. 30 ' —
The finite-size effect is revealed to underestimate the ordered phase. ¢ 2J’=0.05
© zJ’=0.04
consider the two casdg) and(b) we set @,p)=(z,x) and “0renge . x 7J'=0.03 1
(y,x), respectively. Using the numerical diagonalization X X 98 oo,
analysis, we obtain all the eigenvalues and eigenvectors of X o S 04 ; e,
finite chains and calculatg; 1)(T,H). Since the rotational 30 x %o Ce,
symmetry does not remain in any direction fdr. D, the x ° ®e
available chain length is at mo&t=8 under the periodic x ° * R
boundary condition because of limitation of the memory 20 ¢ o
size. At finite temperature, however, the correlation length is ° R
much smaller than that 8i=0 (£~5 to 6 lattice constants x o o
for H=D=0). Thus even the result fdr=8 is expected to 1o r X 0© °
indicate some qualitative features of the bulk system. In fact SEEEEE 5 6 é gs Q Cee® i (b) HLD
the small oscillation in theéd dependence 0§ 1p)(T,H)
due to the finite-size effect only appears Tat0.1 for L %% 00 0.10 0.20
=8. Since x% (1p(T,0) monotonously decreases with in- T

creasingT like the Curie-Weiss law at high temperatures, the
two field-induced transitions atl;; and H., can occur at
suitable temperatures as far @& p(T,H) has a maximum
as a function ofH. The present calculation fdd=0 indi-
cated thaf%; 1p)(T,H) has such a maximum far=<1 while

it is @ monotonously decreasing functionléffor T=1, al-
most independently of. The amplitude ofyg; ;5(1,0) is

FIG. 2. Phase diagrams in th¢T plane for(a) H||D and (b)
HL D with D=0.3.

and the fluctuation around the mean field are expected to
suppress the errors due to each other.
In the following analysis we puD=0.3, realistic for

about 2. Thus the criterion of the existence of the two fieId—NpDMAP- The phase diagrams in ther plane obtained from
induced transitions should &) <0.5 in the isotropic case. X4 ap)(T,H) for L=8 are shown in Figs. (@) and 2b), for
ForzJ' =0.5 only one transition from the Méto disordered H||[D and HLD, respectively. The phase boundaries for

states occurs atl;, for T<1 while no transition occurs for

zJ =0.05, 0.04, and 0.03 are given in each case. Although

T=1. In the present analysis we concentrate on the case &tc2(T) exhibits an oscillation due to finite-size effect, Fig.

zJ' =0.5. Based on obtained;(T) andH.,(T) from the

2(a) clarifies an interesting featuréf.;(T) andH.,(T) are

calculation forL=8, we discuss the properties of the phaseduite asymmetric foH|[D. In contrastH dependence ofy

diagram in theHT plane in the following.

is close to a symmetric bell shape fairL D. According to

To investigate the finite-size effect, we show in Fig. 10ur calculation for other values d, the difference in the

H¢1(T) and H,(T) of the isotropic system=0) with

shape ofT becomes clearer for largér. With increasindD,

2J' =0.05 determined by Eq2) for L=8, 6, and 4 in the Tn becomes more asymmetric f¢4[|D, while closer to a
HT plane. The lower and upper boundaries of the antiferrocompletely symmetric bell shape fbrl D. The asymmetric

magnetic ordered phase are given By;(T) and H.,(T),

behavior ofTy for H||D is consistent with thél dependence

respectively. Those lines also give thedependence of the Of the critical exponent; in the transverse spin-correlation

Neel temperaturd . Figure 1 indicates that estimat@g is

function (SySf)~(—1)r ~ 7 of the isotropicS=1 chain at

higher for largerL, which suggests that the finite-chain T=0. In the ground-state magnetization process of the sys-
analysis tends to underestimate the ordered phase. On tkgm the antiferromagnetic spin correlation measurednby
other hand, the mean-field approximation generally overesticapidly grows fromH.; to the maximum while it slowly
mates it. Thus in the present analysis the finite-size effealecays towardH.,. Thus such an asymmetric behavior is
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FIG. 3. Phase diagrams fét|D andHL D with zJ’=0.03 and 40 ‘ T T —
D=0.3. 0 zJ’=0.010
A * 27°=0.012
expected to be characteristic of the system Wit{il) sym- 20| & ¢ A zJ’=0.014
metry. On the other hand, the cag with only Z, symme- o. ¢ a_ x NDMAP
try is supposed to be close to a classical spin system where \\\‘o e \\A\
the spin-wave excitation spectrum aroune- 1 is similar to _ ™ A )
that aroundm~0. Bl o ¢ ‘a l
The phase diagrams fét||D andHLD (zJ =0.03) are < SN
shown together in Fig. 3. They exhibit several characteristic ; : A
behaviors observed in the experiments of NDMAP and s
NDMAZ: (i) At lower temperature$d 1(T) is smaller for 10 f 2 X’Z
HJ||D. (i) At intermediateH Ty is higher forHLD. (iii) The a  m® ,ﬁ;’/‘sz,’ i
two Ty curves have two intersections, although the upper (b)
one has not been observed because such a strong magne . . )
field cannot be realizedi) and (ii) imply that the ordered 0.0 1.0 2.0 3.0 40
state resulting from th& (1) (Z,) symmetry breaking is less T[K]

(more sensitive to the external magnetic field, while less _

(more stable against the thermal fluctuation. Our calculation FIG. 4. Calculated phase diagrams foi’ =0.010, 0.012 and

for various values oD indicates that the intersection of two 0:014. shown with the experimental results of NDMAP, in the cases

Ty curves appears only fdd>0. Thus the observed inter- of (a) H||c axis and(b) H.L ¢ axis. Dashed curves are guides for the

section is also an evidence of the positivéor NDMAP and ~ &Y¢3

NDMAZ. It is consistent with the sign ob determined by

the susceptibility measurements:* The feature(i) at T=0 H.L D, where dashed curves are guides for the eyes. We set

is also explained by the Majorana-fermion representation ob=0.3. The temperature is normalized &s 30 K and the

the S=1 antiferromagnetic chail?, which was justified by magnetic field is normalized such thdt,(0) coincides with

the NMR experimertt NENP. When the anglé betweerH  the experimental results. In Fig(a} it is difficult to fit the

andD varies from 0 tomr/2, H¢,(0) continuously increases calculatedT curve to the experimental one, because there

from m,; to Ym;m, in the fermion picture wheren; andm, appear some plateaulike behaviors which reflect level crosses

are the masses of the two different fermions;&m,). in the ground-state magnetization process of finite systems.

From the viewpoint of the present universality argument, it isThus we determingJ’ by the agreement of the maximum

expected that some superpositions of thel) andZ, sym-  value of Ty aszJ' =0.012+0.002. On the other hand, the fit

metry breaks occur atl ,(T) for an intermediate anglé. of the calculatedry to the measured one is much better for

Since the ratio of the two componerjtd(1) andZ,] con- HLD in Fig. 4(b). It leads to the same conclusian)’

tinuously varies depending of, H..(T) should be a con- =0.012+0.002. However, the error of the estimation might

tinuous function ofg, as the fermion theory suggested. be much larger, because we neglect the finite-size correction
The qualitative consistency of the present results with thend the fluctuation around the mean field of the interchain

experiments of NDMAP encourages us to estimate theouplings. Since the number of the adjacent chains is usually

strength of the interchain couplinij of NDMAP by fitting  more than 2, the resutt)’'/J~0.012 leads td’/J~10 3. It

the calculated phase boundaries to the measured one. Theconsistent with the most dominant interchain coupling es-

calculated phase boundarigld 1(T) and H¢,(T)] for zJ’ timated from the recent neutron-scattering experiméhbls-

=0.010, 0.012, and 0.014 are shown together with the exing the same mean-field approximation with the transfer ma-

perimental results of NDMAP in Figs.(d H|D and 4b)  trix calculation of the chain, a little smaller value p8'/J
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was estimated It is a reasonable difference, because the In summary, based on the mean-field approximation for
size correction of the present analysis would shift the resulthe interchain interaction and numerical diagonalization of
to a smaller value. However, it is difficult to determine finite chains, we obtained the phase diagram inHfeplane
which result is better, because some analyses beyond thg the quasi-one-dimension8=1 antiferromagnet. The re-
mean-field approximation should modify it into a larger gyits revealed that the shape of the field-induced ordered
value. Figure 4b) suggests that the maximum Gy of  phase is quite different betweeh|D andH.L D. Fitting the
NDMAP could be detected with a little larger external field c5jcylated phase boundary to the experimental result led to
even forHLD. It would also enable us to perform a more e estimation of the interchain coupling of NDMAP as
precise estimation o’ and confirm the difference in the 2J'13~0.012, which well agrees with the estimation by the

shape ofTy betweenH|D andHLD. recent neutron-scattering measuremetf J~ 10 3).
Recently a sign of the field-induced long-range order was
also observed in the NMR measurenfémtf another quasi- We thank T. Goto, Z. Honda, K. Katsumata, and I.

one-dimensionab=1 system (CH),NNi(NO,);, abbrevi- Harada for fruitful discussions. The computation in this work
ated TMNIN. Sincel is smaller §~12 K), the full magne- has been done using the facilities of the Supercomputer Cen-
tization curve has already been obtaifédlhus the full ter, Institute for Solid State Physics, University of Tokyo.
phase diagram in thel T plane will possibly be determined This research was supported in part by Grant-in-Aid for the
in the near future. It would clarify more detailed features of Scientific Research Fund from the Ministry of Education,
the field-induced long-range order. Science, Sports and Cultu(ilo. 11440108
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