
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 1 OCTOBER 2000-IIVOLUME 62, NUMBER 14
Field-induced long-range order in theSÄ1 antiferromagnetic chain
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The quasi-one-dimensionalS51 antiferromagnet in magnetic fieldH 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 anisotropyD, the full phase diagram in theHT plane is presented forHiD andH'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 Ni(C5H14N2)2N3(PF6) ~NDMAP!. The estimated ratio of the interchain and
intrachain couplings of NDMAP (J8/J;1023) is consistent with the neutron-scattering measurement.
i-

ed
di
ea
ed

n
f

m
i

-

d
ili
.

is

e
tic
he
t

et

,
m
rc
th

igh
n

re
a
a

of
t
n

ity
e

tion
he

nes

the
r

s,

et
.

er

bly
e

er-

two
lds

at

on

n,

e

To
Since Haldane conjectured1 the presence of the spin exc
tation gap in the one-dimensional integer-S Heisenberg anti-
ferromagnets, theS51 antiferromagnetic chain has attract
a lot of interest. Many theoretical and numerical works in
cated the disordered ground state of the system. The m
field approximation for the interchain interaction combin
with the exact diagonalization of finite chains2 revealed that
such a disordered ground state should be realized even i
quasi-one-dimensionalS51 antiferromagnet if the ratio o
the interchain and intrachain couplings holdszJ8/J&0.05
wherez is the number of adjacent chains. It was derived fro
the value of the staggered susceptibility of a single chain
the ground state (xst (1D);20/J).3,4 The criterion was satis
fied for the material Ni(C2H8N2)2NO2(ClO4),5 abbreviated
NENP. In fact the Haldane gap had already been observe
the temperature dependence of the magnetic susceptib5

and the high-field magnetization measurements of NENP6,7

The effective-field theory8 and the size scaling analys
with the finite chain calculation9,10 indicated that the field-
induced transition occurs from the disordered ground stat
the gapless Tomonaga-Luttinger liquid phase at some cri
external fieldHc1 where the Haldane gap vanishes. With t
interchain interaction, the gapless phase would become
ordered phase. Thus the field-induced antiferromagn
long-range order is expected to appear atHc1 in the
quasi-one-dimensionalS51 system. NENP, however
did not exhibit such a field-induced spontaneous sy
metry breaking, because the staggered moment is fo
to appear even by a smaller external field through
alternation of theg tensors.11–13 Recently the field-induced
transition to the long-range order was discovered in the h
field magnetization measurement of quasi-one-dimensio
S51 systems Ni(C5H14N2)2N3(ClO4) ~Ref. 14! and
Ni(C5H14N2)2N3(PF6),15 abbreviated NDMAZ and
NDMAP, respectively. The magnetic susceptibility measu
ment indicated the presence of the easy-plane single-ion
isotropy D for both systems and the value was reported
D;0.3J for NDMAP. The experimental phase diagram
both systems in theHT plane exhibited a quite differen
shape of the ordered phase between the two cases whe
external fieldH is ~a! parallel and~b! perpendicular to the
principal axis ofD. This is probably because the universal
of the symmetry breaking is different between the two cas
Thus it would be interesting to present the theoreticalHT
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phase diagram. In this paper, using the exact diagonaliza
of finite chains and the mean-field approximation for t
interchain interaction, the phase diagrams forHiD and
H'D are presented to compare with the experimental o
and give some suggestions for future experiments.

In order to investigate the magnetization process of
quasi-one-dimensionalS51 antiferromagnet with the plana
single-ion anisotropy, we consider the Hamiltonian,

H5J(
j

(
i

Sj ,i•Sj ,i 111J8 (
^ j , j 8&

(
i

Sj ,i•Sj 8,i

1D(
j

(
i

~Sj ,i
z !22H(

j
(

i
Sj ,i

a , ~1!

whereJ and J8 are the intrachain and interchain coupling
respectively,j is the index of a chain, and(^ j , j 8& means the
sum over all the pairs of nearest-neighbor chains. We sJ
51 and use the units such asgmB51 throughout the paper
Only the XY-like anisotropyD.0 is investigated, to com-
pare with the experimental results of NDMAP. To consid
the two cases~a! HiD and ~b! H'D, we seta5z and y,
respectively. When the antiferromagnetic order is possi
induced by the external fieldH, thexy plane is an easy plan
for ~a! while the x axis is an easy axis for~b!. Thus the
universality class of the symmetry breaking should be diff
ent between the two cases; the former corresponds to theXY
model @U(1)# while the latter the Ising one (Z2).

In the magnetization process at low temperatures
phase transitions are expected to occur at critical fie
Hc1(T) and Hc2(T). At T50 the Haldane gap vanishes
Hc1(0) and the magnetization is saturated atHc2(0). The
antiferromagnetic long-range order in the vertical directi
to H should appear betweenHc1(T) andHc2(T). Based on
the mean-field approximation for the interchain interactio
the critical fieldHc1(T), as well asHc2(T) is determined by
the solutionH of the equation

xst (1D)
r ~T,H !5

1

zJ8
, ~2!

where xst (1D)
r (T,H) is the staggered susceptibility of th

one-dimensional system (J850) andr (5x, y, or z) speci-
fies the easy component of the antiferromagnetic order.
R9240 ©2000 The American Physical Society
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consider the two cases~a! and ~b! we set (a,r)5(z,x) and
(y,x), respectively. Using the numerical diagonalizati
analysis, we obtain all the eigenvalues and eigenvector
finite chains and calculatexst (1D)

r (T,H). Since the rotationa
symmetry does not remain in any direction forH'D, the
available chain length is at mostL58 under the periodic
boundary condition because of limitation of the memo
size. At finite temperature, however, the correlation length
much smaller than that atT50 (j;5 to 6 lattice constants
for H5D50). Thus even the result forL58 is expected to
indicate some qualitative features of the bulk system. In f
the small oscillation in theH dependence ofxst (1D)

r (T,H)
due to the finite-size effect only appears atT&0.1 for L
58. Since xst (1D)

r (T,0) monotonously decreases with in
creasingT like the Curie-Weiss law at high temperatures, t
two field-induced transitions atHc1 and Hc2 can occur at
suitable temperatures as far asxst (1D)

r (T,H) has a maximum
as a function ofH. The present calculation forD50 indi-
cated thatxst (1D)

r (T,H) has such a maximum forT&1 while
it is a monotonously decreasing function ofH for T*1, al-
most independently ofL. The amplitude ofxst (1D)

r (1,0) is
about 2. Thus the criterion of the existence of the two fie
induced transitions should bezJ8&0.5 in the isotropic case
For zJ8*0.5 only one transition from the Ne´el to disordered
states occurs atHc2 for T&1 while no transition occurs fo
T*1. In the present analysis we concentrate on the cas
zJ8&0.5. Based on obtainedHc1(T) and Hc2(T) from the
calculation forL58, we discuss the properties of the pha
diagram in theHT plane in the following.

To investigate the finite-size effect, we show in Fig.
Hc1(T) and Hc2(T) of the isotropic system (D50) with
zJ850.05 determined by Eq.~2! for L58, 6, and 4 in the
HT plane. The lower and upper boundaries of the antifer
magnetic ordered phase are given byHc1(T) and Hc2(T),
respectively. Those lines also give theH dependence of the
Néel temperatureTN . Figure 1 indicates that estimatedTN is
higher for largerL, which suggests that the finite-cha
analysis tends to underestimate the ordered phase. On
other hand, the mean-field approximation generally overe
mates it. Thus in the present analysis the finite-size ef

FIG. 1. Hc1(T) andHc2(T) plotted versusT for L58, 6, and 4.
The finite-size effect is revealed to underestimate the ordered ph
of
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and the fluctuation around the mean field are expected
suppress the errors due to each other.

In the following analysis we putD50.3, realistic for
NDMAP. The phase diagrams in theHT plane obtained from
xst (1D)

r (T,H) for L58 are shown in Figs. 2~a! and 2~b!, for
HiD and H'D, respectively. The phase boundaries f
zJ850.05, 0.04, and 0.03 are given in each case. Althou
Hc2(T) exhibits an oscillation due to finite-size effect, Fi
2~a! clarifies an interesting feature;Hc1(T) andHc2(T) are
quite asymmetric forHiD. In contrast,H dependence ofTN
is close to a symmetric bell shape forH'D. According to
our calculation for other values ofD, the difference in the
shape ofTN becomes clearer for largerD. With increasingD,
TN becomes more asymmetric forHiD, while closer to a
completely symmetric bell shape forH'D. The asymmetric
behavior ofTN for HiD is consistent with theH dependence
of the critical exponenth in the transverse spin-correlatio
function ^S0

xSr
x&;(21)r r 2h of the isotropicS51 chain at

T50. In the ground-state magnetization process of the s
tem the antiferromagnetic spin correlation measured byh
rapidly grows fromHc1 to the maximum while it slowly
decays towardHc2. Thus such an asymmetric behavior

se.

FIG. 2. Phase diagrams in theHT plane for ~a! HiD and ~b!
H'D with D50.3.
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expected to be characteristic of the system withU(1) sym-
metry. On the other hand, the case~b! with only Z2 symme-
try is supposed to be close to a classical spin system w
the spin-wave excitation spectrum aroundm;1 is similar to
that aroundm;0.

The phase diagrams forHiD andH'D (zJ850.03) are
shown together in Fig. 3. They exhibit several characteri
behaviors observed in the experiments of NDMAP a
NDMAZ: ~i! At lower temperaturesHc1(T) is smaller for
HiD. ~ii ! At intermediateH TN is higher forH'D. ~iii ! The
two TN curves have two intersections, although the up
one has not been observed because such a strong mag
field cannot be realized.~i! and ~ii ! imply that the ordered
state resulting from theU(1) (Z2) symmetry breaking is les
~more! sensitive to the external magnetic field, while le
~more! stable against the thermal fluctuation. Our calculat
for various values ofD indicates that the intersection of tw
TN curves appears only forD.0. Thus the observed inter
section is also an evidence of the positiveD for NDMAP and
NDMAZ. It is consistent with the sign ofD determined by
the susceptibility measurements.15,14 The feature~i! at T50
is also explained by the Majorana-fermion representation
the S51 antiferromagnetic chain,16 which was justified by
the NMR experiment17 NENP. When the angleu betweenH
andD varies from 0 top/2, Hc1(0) continuously increase
from m1 to Am1m2 in the fermion picture wherem1 andm2
are the masses of the two different fermions (m1,m2).
From the viewpoint of the present universality argument, i
expected that some superpositions of theU(1) andZ2 sym-
metry breaks occur atHc1(T) for an intermediate angleu.
Since the ratio of the two components@U(1) andZ2# con-
tinuously varies depending onu, Hc1(T) should be a con-
tinuous function ofu, as the fermion theory suggested.

The qualitative consistency of the present results with
experiments of NDMAP encourages us to estimate
strength of the interchain couplingJ8 of NDMAP by fitting
the calculated phase boundaries to the measured one.
calculated phase boundaries@Hc1(T) and Hc2(T)# for zJ8
50.010, 0.012, and 0.014 are shown together with the
perimental results of NDMAP in Figs. 4~a! HiD and 4~b!

FIG. 3. Phase diagrams forHiD andH'D with zJ850.03 and
D50.3.
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H'D, where dashed curves are guides for the eyes. We
D50.3. The temperature is normalized asJ530 K and the
magnetic field is normalized such thatHc1(0) coincides with
the experimental results. In Fig. 4~a! it is difficult to fit the
calculatedTN curve to the experimental one, because th
appear some plateaulike behaviors which reflect level cro
in the ground-state magnetization process of finite syste
Thus we determinezJ8 by the agreement of the maximum
value ofTN aszJ850.01260.002. On the other hand, the fi
of the calculatedTN to the measured one is much better f
H'D in Fig. 4~b!. It leads to the same conclusionzJ8
50.01260.002. However, the error of the estimation mig
be much larger, because we neglect the finite-size correc
and the fluctuation around the mean field of the interch
couplings. Since the number of the adjacent chains is usu
more than 2, the resultzJ8/J;0.012 leads toJ8/J;1023. It
is consistent with the most dominant interchain coupling
timated from the recent neutron-scattering experiment.18 Us-
ing the same mean-field approximation with the transfer m
trix calculation of the chain, a little smaller value ofzJ8/J

FIG. 4. Calculated phase diagrams forzJ850.010, 0.012 and
0.014, shown with the experimental results of NDMAP, in the ca
of ~a! Hic axis and~b! H'c axis. Dashed curves are guides for th
eyes.
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was estimated.19 It is a reasonable difference, because
size correction of the present analysis would shift the re
to a smaller value. However, it is difficult to determin
which result is better, because some analyses beyond
mean-field approximation should modify it into a larg
value. Figure 4~b! suggests that the maximum ofTN of
NDMAP could be detected with a little larger external fie
even forH'D. It would also enable us to perform a mo
precise estimation ofJ8 and confirm the difference in th
shape ofTN betweenHiD andH'D.

Recently a sign of the field-induced long-range order w
also observed in the NMR measurement20 of another quasi-
one-dimensionalS51 system (CH3)4NNi(NO2)3, abbrevi-
ated TMNIN. SinceJ is smaller (J;12 K!, the full magne-
tization curve has already been obtained.21 Thus the full
phase diagram in theHT plane will possibly be determine
in the near future. It would clarify more detailed features
the field-induced long-range order.
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In summary, based on the mean-field approximation
the interchain interaction and numerical diagonalization
finite chains, we obtained the phase diagram in theHT plane
of the quasi-one-dimensionalS51 antiferromagnet. The re
sults revealed that the shape of the field-induced orde
phase is quite different betweenHiD andH'D. Fitting the
calculated phase boundary to the experimental result le
the estimation of the interchain coupling of NDMAP a
zJ8/J;0.012, which well agrees with the estimation by t
recent neutron-scattering measurement (J8/J;1023).
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