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Domain growth kinetics in the isosceles triangular Ising antiferromagnet CoNb2O6

S. Kobayashi,* H. Okano, T. Jogetsu, J. Miyamoto, and S. Mitsuda
Department of Physics, Tokyo University of Science, Kagurazaka, Shinjuku-ku, Tokyo 162-8601, Japan

~Received 24 September 2003; published 30 April 2004!

We have studied the domain-growth kinetics of fourfold-degenerate antiferromagnetic~AF! and threefold-
degenerate ferrimagnetic states in the isosceles triangular Ising antiferromagnet CoNb2O6 by ac susceptibility
measurements and Monte Carlo simulations. In both magnetic phases ac susceptibility after the field quench is
found to decrease with time according to the power-growth law with an universal growth exponentn50.21
60.01. The prefactor in the power-growth law suggests that the zero-field growth of the AF state is strongly
suppressed by the application of magnetic fields along the direction perpendicular to the frustrated isosceles-
triangular lattice. Monte Carlo results show the unusual domain growth dominated by the reversal of thefree
magnetic spins near favorable domain walls where the exchange field is effectively canceled out due to the
isosceles triangular geometry of spins. The obtained domain configuration strongly supports our neutron-
diffraction results that revealed the temporal shift of the magnetic Bragg peak position during the growth.

DOI: 10.1103/PhysRevB.69.144430 PACS number~s!: 75.25.1z, 05.70.Ln, 75.40.Mg
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I. INTRODUCTION

The kinetics of domain growth toward the equilibriu
state for nonconserved order parameter has been wi
studied.1,2 For the Ising system with twofold-degenera
ground states~degeneracyp52), it is well established tha
the domain growth proceeds with time ast1/2 owing to the
curvature-driven force. This power-law time dependence
universal, being independent of the microscopic interacti
and the lattice geometry.3

In the Ising system with highly degenerate ground sta
the situation is not simple.3 Since the system can order
several thermodynamically equivalent ordered states, the
main growth proceeds through the competition between
different ordered domains which were nucleated simu
neously just after the quench. From Monte Carlo~MC! simu-
lations for the two-dimensional~2D! anisotropic next-
nearest-neighbor Ising~ANNNI ! model for (p31) uniaxial
phases withp534 and p54,5–7 it appeared that severa
types of domain walls in the modulated direction influen
the domain-growth kinetics. During the domain growth, e
ergetically favorable domain walls persist, which make
growth kinetics slower and, in some cases, spatially an
tropic.

Despite these numerical works, only a few experimen
work on the domain growth kinetics of the large degener
ground states are reported to date. In this paper, we pre
the detailed study of the domain growth kinetics of high
degenerate ground states in CoNb2O6 by ac susceptibility
measurements and Monte Carlo simulations. As shown
Fig. 1, in CoNb2O6 1D ferromagnetic zigzag chains runnin
along thec axis arrange in an isosceles triangular geome
in thea-b plane. At low temperatures, Co spins are confin
to two different easy axes in the nearlya-c plane with a
canting angle ofu0 (531°) from thec axis, and various
magnetically ordered phases characterized by a propag
wave vectorqpropa5(0 q 0) appear; fourfold-degenerate a
tiferromagnetic~AF! phase (q5 1

2 ), field-induced threefold-
degenerate ferrimagnetic~FR! phase (q5 1

3 ), and sinusoi-
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dally amplitude-modulated incommensurate~IC! phase (13
,q, 1

2 ). As our previous works8 demonstrated, this system
is characterized by an isosceles triangular lattice Ising mo
with an Ising Hamiltonian given by

H52J0(
i , j

Si•Sj2J1(
i , j

Si•Sj2J2(
i , j

Si•Sj

2J3(
i , j

Si•Sj2gmB(
j

Sj•Hex, ~1!

where Hex is an external magnetic field andg52.1. Si is
the spin withS53

2 and the summation is taken over the pa
of spins. The ferromagnetic intrachain exchange interac
along the c axis, and nearest- and next-nearest-neigh
antiferromagnetic interchain exchange interactions are gi
by J0 /kB50.6015 K, J1 /kB520.0508 K, and J2 /kB
520.0812 K, respectively. Further neighbor ferromagne
interchain interactionJ3 (.0) which is considered to be
weak compared withJ1 andJ2, is necessary for stabilizing
magnetic correlations along thea axis in the AF phase below
T2;1.9 K @Fig. 1~a!#. Since a ratio of effective antiferro

FIG. 1. Magnetic structure in~a! fourfold-degenerate AF and~b!
threefold-degenerate FR phases. The solid arrows show Co s
confined to the two different easy axes. The zigzag chains runn
along thec axis form an isosceles triangular lattice with intercha
antiferromagnetic interactionsJ1 andJ2 in the a-b plane.
©2004 The American Physical Society30-1
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magnetic interactionsJ2cos 2u0 /J1 is 0.75 and close to 1.0 o
a triangular Ising antiferromagnet, the system can be
garded as an Ising antiferromagnet with a partially relea
triangular geometrical frustration.

Recently, we performed neutron scattering and ac sus
tibility measurements atT51.5 K under low applied fields
along thec axis.9 Neutron scattering directly showed that
the AF phase the domain growth after the field quench p
ceeds according to the power law with anomalously l
growth exponentn;0.2. We found that the domain growt
along theb axis proceeds faster than along thea axis and is
strongly suppressed by the application of magnetic field10

Simple arguments about an activation energy showed tha
domain-wall motion, mediated by the reversal of energ
cally free magnetic chains close to the domain wall in thb
direction, results in the spatially anisotropic domain grow
Moreover, the time dependence of the ac susceptibility d
revealed the power-law growth withn50.2160.01 in the
AF phase and also at the specific fieldHs ~51214 Oe! in the
FR phase where the extra anomaly of the susceptibility
detected in the field-increasing scan after zero-field coo
~ZFC!.

In this paper, we examine the domain-growth kinetics
the fourfold-degenerate AF and threefold-degenerate
states by ac susceptibility measurements under magn
fields up to 2 kOe along thec axis. The measurements of a
susceptibility not only give useful information about the tim
dependence of the number of free magnetic chains wh
plays a crucial role for the domain growth in this system, b
also allow us to precisely determine the growth law owing
the time-resolved measurements. We will show that the t
dependence of the in-phase susceptibility follows the po
law with universal growth exponentn50.2160.01 in both
magnetically ordered phases. The analysis of the relaxa
data, combined with field-jump measurements show that
application of the magnetic field strongly suppresses the
main growth along theb axis in the AF phase, while this i
not effective aroundHs in the FR phase. Monte Carlo simu
lations for an isosceles triangular lattice Ising model sh
that this originates from the different growth mechanism
the FR phase; two types of energetically favorable dom
walls compete throughout the domain growth in the
phase while only single type of domain wall dominates in
AF phase. The time dependence of the AF Bragg peak p
tion observed in our neutron-diffraction study is well e
plained by our Monte Carlo results where the domain c
figuration along theb axis with a p/2 phase shift was
obtained.

The organization of the paper is as follows. In Sec. II,
present the possible types of domain walls between ther
dynamically equivalent domain walls in both AF and F
phases and give simple energy considerations. In Sec.
we present experimental details of ac susceptibility meas
ments. Then the ac susceptibility data in the AF and
phases are discussed in Secs. III B and III C, respectiv
Section IV describes MC simulation results. Section IV
treats MC simulation procedure and gives magnetic ph
diagram determined. Sections IV B and IV C devote to
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MC results of the domain-growth kinetics in the AF and F
phases, respectively. Finally, we present our conclusion
Sec. V.

II. ENERGY CONSIDERATIONS OF DOMAIN WALLS

A. Fourfold-degenerate AF phase

As seen in the AF structure shown in Fig. 1~a!, ferromag-
netic 1D chains along thec axis align antiferromagnetically
along theb axis and form magnetic unit cell doubling o
chemical unit cell along theb axis. Since in the magnetic
unit cell there exist nonequivalent four 1D chains, the grou
state of the AF state is fourfold degenerated. Conseque
just after the quench, thermodynamically equivalent four
domains nucleate and various types of domain walls will
formed. In this section, we present possible types of dom
walls during the domain growth in the AF phase and disc
the activation energy of magnetic chains close to the dom
walls, which is used to interpret ac susceptibility data a
Monte Carlo results shown later.

Figures 2~a!–2~e! show possible types of domain walls i
the b and a directions in the AF phase. To distinguish fou
AF domains, we symbolically labeled those domains asA,
B, C, andD; the projection of Co spin on theb-c plane is
described by a sine-wave form of;sin@p(y11

4)1f# with a
phasef50, 2p/2, p, 1p/2, respectively, as shown in Fig
2~f!, wherey is a coordinate of spin in theb direction. In
Figs. 2~a!–2~e!, the site dependence of the activation ene
of magnetic chain in zero field is also given. The activati
energy, which was calculated withinJ1 andJ2, was defined
as an energy per Co spin to be required in order to rever
magnetic chain at each site. The magnetic chain with a p
tive ~zero! activation energy is energetically stable~free! and
requires a finite~no! activation energy to reverse while tha
with a negative activation energy is energetically unsta
and is expected to reverse immediately after the domain w
is formed. The site dependence of the activation energy
the domain wall betweenA and B domains,A/B shown in
Fig. 2~a!, is possible also for theB/C, C/D, D/A domain
walls. Therefore, we call these domain wallsA/B type. Simi-
larly, energetically nonequivalentA/C-, A/D-, andB/D-type
domain walls exist in theb direction. As is seen for the cas
of the A/D-type in Fig. 2~f!, the domain wall belonging to
same type satisfies same phase-shift condition at the bo
ary; theA/B-, A/C-, A/D-, andB/D-type domain walls re-
sult in the phase shift of sine-wave modulation byp/2, p,
3
2 p, andp, respectively. On the other hand, in thea direc-
tion, all the domain walls are energetically equivalent with
J1 andJ2.

Just after the quench, energetically unfavorable dom
walls will rapidly diminish and energetically favorable on
will persist throughout the domain growth. As shown in F
2, bothA/B-type andA/C-type domain walls in theb direc-
tion include energetically unstable magnetic chains close
the domain wall. Therefore, at the early stage, those unst
chains will reverse rapidly, and theA/B- andA/C-type do-
main walls decay to a combination of theA/D-type domain
wall, A/D/C/B and A/D/C, respectively. The transition
from unstable domain wall to stable one is known as wett
0-2
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FIG. 2. Energetically different types of domain walls in~a!–~d! b and~e! a directions at zero applied field in the AF phase. TheA/B-type
includes theA/B, B/C, C/D, D/A domain walls, and theA/C-type includes theA/C, C/A domain walls, and theA/D-type includes the
A/D, D/C, C/B, B/A domain walls, and theB/D-type includes theB/D, D/B domain walls. The open and closed circles denote up
down magnetic chains, and the thick dashed lines represent domain wall. The magnetic chains depicted by double circles show en
free magnetic chains in zero field while those depicted by triple circles show unstable magnetic chains. An activation energy of a
chain at each site to be reversed in zero field, which was calculated withinJ1 and J2, is also given.~f! An example of a domain-wall
configuration due to theA/D type in theb direction. The solid arrows show the projection of Co spin on theb-c plane. At each domain-wal
position, the phase of the sine-wave modulation is shifted by1p/2.
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transition and was commonly observed for the ANN
model.5 On the other hand, in the case of theA/D- and
B/D-type domain walls in theb direction, the reversal o
energetically free magnetic chains, on which the excha
field by J1 andJ2 is canceled out, plays a crucial role. Pa
ticularly, for theB/D-type domain wall, certain reversal pro
cess of free magnetic chains eventually results in the com
nation of theA/D-type domain wall. Therefore, in the AF
phase, theA/D-type domain wall in theb direction is ex-
pected to dominate the domain growth along theb axis.

B. Threefold-degenerate FR phase

As shown in Fig. 3, recently, the extra anomaly of the
susceptibility was observed at the specific fieldHs
;1214 Oe in the FR phase in the field-increasing scan a
ZFC. Interestingly, as shown in the inset in Fig. 3, th
anomaly showed up only in the field-increasing scan at
temperatures after ZFC, while it was not detected both in
field-decreasing scan atT51.5 K after field cooling~FC! at
H52 kOe and in the high-temperature field-increasing s
at T51.9 K after ZFC. Within the mean-field theory th
specific field Hs is very close to the exchange fie
2J1 /gmBcosu0 ~51260 Oe!. Therefore,Hs can be regarded
as the magnetic field where the exchange field from t
antiferromagnetically coupled spins throughJ1 becomes of
the same magnitude as the applied field. However,
anomaly cannot be explained when the formation of the
long-range order is assumed. Therefore, this anomaly of
in-phase susceptibility is considered to originate from
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thermal fluctuation of magnetic chains near the domain w
which become free to reverse atHs. Note that similar small
peak of the susceptibility in the threefold-degenerate
phase has been reported for CoCl2•H2O ~Ref. 11! and
CoBr2•H2O,12 where the twofold-degenerate antiferroma
netic state is stabilized as the zero-field ground state.

Figures 4~a!–4~d! show possible types of domain wal
and the site dependence of the activation energy o
magnetic chain atHs in the FR phase. As can be seen
Fig. 4~e!, thermodynamically equivalent three FR domai
with the phasef50,1 2

3 p,2 2
3 p in a sine-wave form of

;sin@ 4
3p(y11

8)1f# are symbolically labeled asA8, B8, C8,
respectively. As shown in Fig. 4, theC8/A8-type domain

FIG. 3. In-phase susceptibilityx8 as a function of the magnetic
field at T51.5 K after ZFC. The inset shows the enlargeme
aroundHs wherex8 at T51.5 K both after FC atH52 kOe and
ZFC, and atT51.9 K after ZFC, are shown.
0-3
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FIG. 4. Energetically different types of domain walls in~a!–~c! b and ~d! a directions atHs in the FR phase. WithinJ1 andJ2 all the
domain walls in thea direction are energetically equivalent. An activation energy of a magnetic chain to be required to reversH
5Hs, calculated withinJ1 andJ2, is also shown. TheA8/B8 type includes theA8/B8, B8/C8 domain walls, and theA8/C8 type includes
theA8/C8, C8/B8, B8/A8 domain walls, and theC8/A8 type includes theC8/A8 domain wall. Although both theC8/B8 andB8/A8 domain
walls give different site dependence of the activation energy of a magnetic chain from that of theA8/C8 one, those walls were included i
the A8/C8 type, because all theC8/B8, B8/A8, andA8/C8 domain walls are energetically equivalent. The open and solid circles repre
up and down magnetic chains, respectively. The magnetic chains depicted by double circles show energetically free magnetic chHs

while those depicted by triple circles show unstable magnetic chains aroundHs. ~e! An example of a domain-wall configuration due to th
A8/C8-type in theb direction. The solid arrows show the projection of Co spin on theb-c plane. At each domain-wall position, the pha
of the sine-wave modulation is shifted by2
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wall which includes two unstable up magnetic chains is
ergetically unstable atHs. Therefore, theC8/A8-type do-
main wall will decay to theA8/B8-type domain wall through
the reversal of unstable magnetic chains, and two type
domain walls (A8/B8 andA8/C8 types! is expected to play
an important role aroundHs. Since atHs the magnetic chain
close to theA8/C8-type domain wall can reverse freely, th
extra anomaly of the susceptibility atHs is considered to
originate from the thermal fluctuation of free magne
chains near theA8/C8-type domain wall which were pro
duced after passing through the first-order IC-FR phase t
sition in the increasing magnetic field. The presence of
domain walls even atHs might reflect the fact that the for
mation of infinitely long-range up-up-down FR networ
from the IC sinusoidal structure requires the complicated
arrangement of up and down magnetic chains, and is diffi
at low temperatures in particular where the thermal fluct
tion of spins becomes less effective. Since among the fa
able A8/B8- and A8/C8-type domain walls only the
A8/C8-type domain wall includes free magnetic chai
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aroundHs, the measurements of the ac susceptibility af
the quench will give information mainly about th
A8/C8-type one.

III. AC SUSCEPTIBILITY RESULTS

A. Experiment

Ac susceptibility measurements were performed un
magnetic fields along thec axis up to 2 kOe down toT
51.5 K. Since the ac susceptibility is sensitive to the th
mal fluctuation of spins, it is considered that the observ
susceptibility is proportional to the number of free magne
chains during the domain growth which are formed arou
the domain wall in theb direction.

The single crystal of CoNb2O6 was prepared with flux-
growth technique and has dimensions 2.532.537.5 mm3.
An ac field of 0.69 Oe parallel to the magnetic field w
applied at the frequency 523 Hz. We checked that
domain-growth law deduced from ac susceptibility data
independent of frequency and is not influenced by ac fie
0-4
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FIG. 5. Double-logarithmic
plots of x8(t)2xeq8 ~a! around
zero field in the AF phase and~b!
around Hs51214 Oe in the FR
phase. Inset in~a! showsx8(t) in
zero field after RH and SH. The
equilibrium in-phase susceptibility
xeq8 was obtained by fitting the
data to Eq.~2!. Inset in~b! shows
x8(t) at Hs andH51000 Oe.
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To obtain a nonequilibrium state, the magnetic field was r
idly removed from the field-induced FR state atH
5600 Oe with a sweep rate of 100 Oe/sec, at each mea
ing temperature. Just after reaching the zero field, the m
netic field was applied up to each measuring field in the
case while in the FR case the sample was subjected to st
H51224 Oe (;Hs) before the measurements at the desi
field start. This treatment which we refer to as RH has
same effects as the rapid-cooling treatment from param
netic ~PM! state aboveT1 and has good reproducibility o
measuring data. We defined the origin of time as the ti
where the magnetic field was reached at the measuring
and monitored time dependence of the ac susceptibility in
time range up to 83104 sec.

B. Fourfold-degenerate AF phase

In the inset in Fig. 5~a!, we show the time dependence
the in-phase susceptibilityx8(t) in zero field, taken after RH
and slowly decreasing field~SH! from H5600 Oe with a
sweep rate of 0.13 Oe/sec. On the time scale of the orde
an hour,x8(t) decreases with time and gradually approac
the equilibrium susceptibilityxeq8 . At t; 0, x8(t) for RH
largely exceeds that for SH, indicating that a large numbe
domain walls in theb direction remains just after RH. Thi
result agrees with the neutron-scattering results9 that the RH
procedure yields small domain size along theb axis att;0
compared with that of equilibrium state.

Figure 5~a! shows the log-log plot ofx8(t) at T51.5 K
under low applied fields in the AF phase. For all measur
fields, x8(t) shows an expected linear behavior, indicati
the power-law time dependence ofx8(t). Assuming that the
time-dependent part of in-phase susceptibility results fr
the thermal fluctuation of free magnetic chains, the pow
law equation forx8(t) is given by

x8~ t,H !5xeq8 ~H !1x free8 ~H !@a~H !t2n#, ~2!
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wherex free8 is an in-phase susceptibility of a free magne
chain, being temperature- and magnetic-field dependent.
prefactora(H) means the number of free magnetic chains
t51 and is the measure of relaxation speed. Irrespectiv
the strength of the magnetic field, an almost equal grow
exponentn50.2160.01 was obtained as shown in Fig. 6~a!,
which is in good agreement withn;0.2 of our neutron-
scattering results.9 As previous neutron-scattering studie9

revealed, the domain growth along theb axis is suppressed in
the AF phase by the application of magnetic field. This i
plies that the prefactora(H) which is proportional to the
number of free magnetic chains increases with increasing
magnetic field. However, the power-law fits of the relaxati

FIG. 6. Magnetic-field dependence of~a! growth exponentn and
~b! prefactorsa(H)/a(H50 Oe) anda(H)/a(H51224 Oe) of
the AF and FR states, obtained from the ac susceptibility meas
ments. The solid and open circles show the data of the AF and
states, respectively.~c! Temperature dependence of growth exp
nentn in zero field.
0-5
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data shown in Fig. 5 only give the absolute value
@x free8 a(H)# and the magnetic-field dependence ofa(H)
cannot be determined. Therefore, to extracta(H) from the
observed data, it is indispensable to determinex free8 at all
measuring fields.

To estimatex free8 , we performed the field-jump measur
ments atT51.5 K, where at timet jump53650 sec during the
relaxation process in zero field the magnetic field w
jumped to the desired field and then the susceptibility at
field was measured promptly. As an example, the field-ju
data for theH580 Oe case is shown in Fig. 7. When th
magnetic field is changed toH580 Oe from zero field at
t jump, the in-phase susceptibility abruptly decreases. Si
the number of free magnetic chains att jump, being propor-
tional to @x8(t jump,0)2xeq8 (0)#/x free8 (0), is conserved at
t jump, the following equation can be obtained:

x8~ t jump,0!2xeq8 ~0!

x free8 ~0!
5

x8~ t jump,H !2xeq8 ~H !

x free8 ~H !
, ~3!

wherexeq8 (H) is the value determined from the power-la
fittings of the relaxation data. From this equation, the ratio
in-phase susceptibility of free magnetic cha
x free8 (H)/x free8 (0), wasdetermined experimentally. Note tha
in present study absolute value ofx free8 (H) was not deter-
mined, because the exact number of free magnetic ch
during the domain growth is not clear. With increasing t
magnetic field, x free8 (H)/x free8 (0) was found to decreas
monotonically, being qualitatively consistent with the beha
ior of the 1D magnetic chain with nearest-neighbor fer
magnetic intrachain interaction.

Dividing Eq. ~2! for H by that for zero field, and using Eq
~3!, the prefactor atH is given, usinga(0), by

FIG. 7. An example of the field-jump susceptibility measu
ment after RH.~a! Time dependence of applied fields. The magne
field rapidly changes from 0 Oe to 80 Oe att jump53650 sec, and
returns to zero field after 100 sec.~b! Time dependence of the
in-phase susceptibility observed in this field-jump measuremen
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a~H !

a~0!
5

@x free8 ~H !a~H !#fit

@x free8 ~0!a~0!#fit

x8~ t jump,0!2xeq8 ~0!

x8~ t jump,H !2xeq8 ~H !
. ~4!

Here @•••#fit is the value obtained by fitting the relaxatio
data of Fig. 5~a! to Eq. ~2!.

By performing the field-jump measurements at all me
suring fields, the magnetic-field dependence ofa(H)/a(0)
was determined as shown in Fig. 6~b!. With increasing mag-
netic field from zero field,a(H)/a(0) increases dramati
cally. This suggests that large number of free magne
chains, i.e.,A/D-type domain wall remain during the doma
growth by the application of magnetic fields. This slo
growth under the magnetic field is interpreted as due to
fact that theA/D-type domain walls become less mobi
owing to the finite activation energy of free magnetic cha
to reverse against the magnetic field. The observed data
qualitatively consistent with the magnetic-field dependen
of the prefactor of the power-growth law determined fro
magnetic correlation length along theb axis.9

With increasing temperature fromT51.5 K in zero field,
on the other hand, the decrement ofx8(t) with time drasti-
cally reduces and the relaxation is restricted within the v
narrow time interval of several minutes just after RH
shown in Fig. 8. AtT52.1 K aboveT2 , x8(t) is almost
equilibrium value just after the quench and no significa
temporal behavior ofx8(t) was detected. This results ind
cate the fast relaxation process at higher temperatures.x8(t)
well fitted to the power law of Eq.~2! and the same growth
exponent to that atT51.5 K was obtained irrespective of th
temperature as shown in Fig. 6~c!. This suggests that the
power-growth law withn50.21 is maintained all over the
AF phase.

C. Threefold-degenerate FR phase

In the inset in Fig. 5~b!, we show the time dependence
x8(t) at T51.5 K both atHs andH51000 Oe far fromHs
obtained after RH. Whilex8(t) at H51000 Oe is weakly

-

FIG. 8. x8(t) at zero field after RH, taken at temperatures bel
and just aboveT251.9 K. For clarity, the data atT51.9 K and 2.1
K are shifted by21.0 and23.5, respectively.
0-6
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time dependent, that atHs dramatically decreases with time
This means that the domain-growth kinetics atHs is domi-
nated by the magnetic chains which can reverse freely aHs
as discussed in Sec. II B.

Figure 5~b! shows the log-log plot ofx8(t) aroundHs in
the FR phase.x8(t) decreases with the power-law time d
pendence at all measuring fields. As shown in Fig. 6~a!, the
power-law fits gave the growth exponentn50.2160.01, be-
ing equal to that of the AF state with fourfold-degenera
ground states.

Moreover, to investigate the behavior ofa(H) around
Hs, field-jump measurements were also performed. In
case, the magnetic field was jumped att jump from H
51224 Oe close toHs toward a desired field, and th
magnetic-field dependence ofa(H)/a(H51224 Oe) was
determined. In contrast to the dramatic increase ofa(H)
with increasing magnetic field in the AF phase,a(H)/a(H
51224 Oe) is nearly field independent aroundHs as shown
in Fig. 6~b!. Taking account that aroundHs x8(t) reflects the
number of free magnetic chains around theA8/C8-type do-
main wall, the annihilation speed of theA8/C8-type domain
wall may be insensitive to the applied field aroundHs. As
will be discussed later, such weak field dependence
a(H)/a(Hs) can be due to the complicated growth mech
nism in the FR phase where another favorableA8/B8-type
domain wall competes with theA8/C8-type one throughou
the domain growth.

IV. MONTE CARLO RESULTS

A. Simulation procedure and H -T phase diagram

To understand the microscopic nature of the dom
growth on the isosceles triangular lattice, MC simulations
the isosceles triangular lattice Ising model were perform
Instead of usual single-spin-flip method, a cluster heat b
algorithm13 which treats a 1D magnetic chain as a clus
was adopted. We used the Ising Hamiltonian of Eq.~1!,
where J3 /uJ2ucos 2u050.05 was assumed. The period
boundary condition was imposed along the directions on
isosceles triangular lattice, while along the chain the op
boundary condition was imposed.

In Fig. 9, we show the magnetic phase diagram un
applied fields parallel to thec axis, obtained by our MC
simulations with size 12a324b325c. The zero-field transi-
tion temperatures and critical fields were determined fr
the magnetic structure factor defined by

M ~k!5U(
i

Siexp~2p ikyi !U, ~5!

wherek is a wave number in theb* direction andyi is a
position of spinSi in the b direction. The magnetic structur
factor was calculated only for a wave number in theb*
direction because all the magnetic structures which app
under applied fields along thec axis are characterized b
qpropa5(0 q 0).14 At each measuring temperature and ma
netic field, M (k) was averaged over 500 MC step~MCS!
after discarding first 104 MCS. In our study, reduced tem
perature T* (5T/T1

MC) and magnetic field H*
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(5H/Hc
AF-FR) were introduced;T1

MC/J0S250.9 andHc
AF-FR is

the AF-FR critical field. As expected from previous studie8

three magnetically ordered phases@AF (q5 1
2 ), IC ( 1

3 ,q
, 1

2 ), and FR (q5 1
3 )] were reproduced in our MC study.

The domain-growth kinetics after the quench from the P
disordered state was studied atT* 50.3 for the system with
size 96a396b325c. The magnetic fields in the range
<H* <0.38 for the AF state and in the range 3.75<H*
<4.25 aroundHs* for the FR state were studied. Here,Hs*
~54.0! is the reduced magnetic field given b
2J1S/(gmBcosu0Hc

AF-FR), where the exchange field due t
J1 becomes of the same magnitude as the applied field
theA8/C8-type domain wall shown in Fig. 4~b! becomes free
to shift along theb axis. By directly examining the spin
configuration at every MCS, we counted the number of s
site that gives the phase shift in the sine-wave modulat
i.e., the number of domain walls. The spin-pair correlati
function given byG(r )5^Si•Si 1r&2^Si&

2 was calculated
and the magnetic correlation length along thea and b axes
was defined asr, whereG(r ) becomes a half the value atr
50. To obtain reliable sampling data, the data were av
aged over ten different runs at each measuring field. Mo
over, in order to avoid percolation effects, we stopped sa
pling the data at the MCS where the correlation length alo
the b axis becomes about one-fifth of the system size alo
the b axis.

Note that as is seen in theH* -T* phase diagram the
critical fields between the FR and AF~or IC! phases deter-
mined on increasing field was found to shift toward a co
siderably high field; this field is belowHs, but far aboveH*
51 expected from the mean-field theory. This may reflect
pinning effect that makes the spin state difficult to relax
ward the equilibrium state.7,15 Such effect can influence th
growth exponent obtained by the simulations depending
the algorithm, although the feature of the domain growth
substantially unchanged.7 Actually, in present Monte Carlo
study the growth exponent both of the AF and FR stat
obtained from the power-law fittings to the correlation leng
was in the range from 0.2 to 0.5 and was not uniquely de
mined. Nevertheless, we emphasize that the precise dete

FIG. 9. Magnetic phase diagram obtained by MC simulatio
The hatched areas show the magnetic-field region surveye
present study.
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nation of the location of the phase boundary and grow
exponent is far beyond our present purpose and that the
ning effect cannot substantially alter our conclusion.

B. Fourfold-degenerate AF phase

In Fig. 10~a!, we show typical domain configurations i
one isosceles triangular lattice plane of the system during
domain growth in zero field. These configurations were
tained by averaging spin configurations at this plane o
five MCS; the spins which flipped more than one time dur

FIG. 10. ~Color! The domain configurations in one isoscel
triangular lattice plane of the system, taken at~a! H* 50 and ~b!
H* 50.19 in the AF phase. A 48a348b subsection of 96a396b
lattice is shown. The blue, black, silver, and red areas sh
A,B,C,D domains, respectively. The yellow circles denote sp
which flipped more than one time during the five MCS.
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five MCS are denoted by yellow circles, while spins whi
did not reverse are used to identify each AF domain labe
asA, B, C, D denoted in Sec. II A. Figure 11~a! shows the
time dependence of the number of domain walls in theb
direction at zero field. Just after the quench unfavora
B/D-, A/B-, and A/C-type domain walls diminish rapidly
and the most favorableA/D-type domain wall dominates
throughout the domain growth and decreases with time. C
respondingly, the number of flipped magnetic chains, wh
is considered to contribute to the susceptibility, decrea
with time as shown in Fig. 10~a!.

As the magnetic field is applied, magnetic chains are l
flipped and the large number of domain walls remain in thb
direction even at 200 MCS as seen in the domain configu
tion at H* 50.19 in Fig. 10~b!. This behavior is reflected in
the time dependence of the correlation length along thb
axis shown in Fig. 11~b!; the correlation length at 200 MCS
systematically decreases with increasing magnetic field. T
indicates that the magnetic field has a slowing-down eff
on the domain growth in the AF phase.

It should be emphasized that the time dependence of p
position in the AF phase after RH obtained from our neutro
scattering results9 can be explained by the formation of th
A/D-type domain wall in theb direction. As shown in Fig.
12, in the~3 k 0! reciprocal-lattice scan it was found that ju
after RH the magnetic peak in theb* direction appears atk
slightly smaller than 0.5 of the AF peak position and a
proaches 0.5 with time. Under the magnetic field, the dev
tion of the peak position from 0.5 becomes pronounced co
pared with the zero-field case. As our MC results showed
CoNb2O6 theA/D-type domain wall is expected to be dom
nant and the thermodynamically equivalent AF domains w
arrange along theb direction like A/D/C/B/A/D as shown
in Fig. 2~f!. Just after RH, the correlation length along theb
axis is not so large, therefore, this arrangement causes

w
s

FIG. 11. ~a! Time dependence of the number of domain walls
the b direction averaged over thea axis, taken at zero field in the
AF phase.~b! Time dependence of the correlation length along
b axis under applied fields.
0-8
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magnetic peak withq close to 0.5 in the neutron-scatterin
measurements. Particularly, in the~3 k 0! reciprocal-lattice
scan, the peak position should be less than 0.5. On the o
hand, if the different types of domain wall are arranged in
b direction, the magnetic peak position in the~3 k 0!
reciprocal-lattice scan should be slightly greater than 0.5
the A/B type or exactly at 0.5 for theA/C type andB/D
type. Therefore, the observed peak position shown in Fig
strongly supports the formation of theA/D-type domain wall
in this system. As the domain growth proceeds, AF netw
within each domain develops and the distance between a
cent domain walls in theb direction increases. This make
the peak position more closer to 0.5, being responsible
the time dependence of the peak position toward 0.5 sh
in Fig. 12.

C. Threefold degenerate FR phase

Figures 13~a!–13~c! show the time dependence of th
number of domain walls in theb direction atH* 53.87, 4.0,
and 4.13, respectively, around the specific field ofHs*
~54.0!. In Fig. 14 the domain configuration at 200 MCS
H* 5Hs* is shown. Just after the quench, the energetic
favorableA8/C8-type domain wall being mobile atHs* is
dominant and its amount decreases with time. However
all measuring field theA8/B8-type domain wall persists eve
at the later stage. While magnetic chains close to
A8/C8-type domain wall flip frequently, those close to th
A8/B8-type domain wall less flip as shown in Fig. 14. Th
behavior is in contrast with the AF case where only one ty
of domain wall controls the domain growth in the system

With slightly changing the magnetic field fromHs* the
time evolution of the correlation length along theb axis is
suppressed as shown in Fig. 13~d!. The behavior aroundHs*
is strongly asymmetric with respect toHs* , which is re-
flected in the temporal behavior of the number of the dom
wall shown in Figs. 13~a!–13~c!.

Now we discuss the growth mechanism aroundHs* . Just
after the quench, thermodynamically equivalent three FR
mains (A8,B8,C8) nucleate and three types of domain wa
shown in Figs. 4~a!–4~c! are formed in theb direction. Par-
ticularly at H* 5Hs* the C8/A8-type domain wall which in-

FIG. 12. Time dependence of the peak position in the~3 k 0!
reciprocal-lattice scan in the AF phase after RH, obtained from
neutron-scattering studies~Ref. 9!.
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cludes two unstable up magnetic chains is energetically
stable, therefore either of two magnetic chains will reve
downward just after theC8/A8-type domain wall is formed.
As a consequence, theC8/A8-type domain wall transforms
into the A8/B8-type domain wall and the two types of do
main wall (A8/B8 andA8/C8 types! compete throughout the
domain growth as shown in Fig. 13~b!. However, in contrast
to the A8/C8-type domain wall, theA8/B8-type one is im-
mobile along theb axis because all the magnetic chains clo
to the domain wall have large activation energy to rever
This makes theA8/B8-type domain wall stable during th
domain growth as shown in Fig. 13~b!.

With slightly changing the magnetic field fromHs* , the
situation changes dramatically depending on whether app

r

FIG. 13. Time dependence of the number of domain walls in
b direction averaged over thea axis, taken at~a! H* 53.87, ~b!
H* 54.0, and~c! H* 54.13 in the FR phase.~d! Time dependence
of the correlation length along theb axis under applied fields
aroundHs* .
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field is larger thanHs* or not. This originates from the dif
ferent decay process of the unstableC8/A8-type domain wall
around Hs* . When H* ,Hs* , also the magnetic chain
which are free atHs* @double circles in Fig. 4~c!# become
energetically unstable. Therefore, it is possible that cer
number of the C8/A8-type domain walls decay to th
A8/C8-type one by the reversal of such unstable magn
chains. On the other hand, whenH* .Hs* , the situation is
similar to that atH* 5Hs* and the transition toward th
A8/C8-type domain wall is not likely to occur. The deca
process of theC8/A8-type domain wall depending on th
magnetic field leads to different population of th
A8/C8-type domain wall atH* 53.87 @Fig. 13~a!# and H*
54.13 @Fig. 13~c!# and is responsible for the asymmetr
time evolution of the correlation length aroundHs* shown in
Fig. 13~d!.

In present MC study, we have shown that the grow
mechanism around the specific field ofHs is controlled by
the two types of domain walls. Experimentally, however, it
difficult to extract the time-dependent behavior of theA8/B8-
andA8/C8-type domain walls separately from the ac susc
tibility data, because ac susceptibility is sensitive only to
domain wall which includes free magnetic chains. Only t
high-Q neutron scattering or magnetic x-ray scattering m
distinguish these two types of domain walls, because in
reciprocal-lattice space, the domain-wall configuration due
the A8/B8 and A8/C8 types gives different magnetic pea
position in theb* direction, around the FR position atk
5 1

3 and 2
3 . Detailed study of the domain growth in the F

phase by means of the scattering technique will appear e
where.

V. CONCLUSION

The domain growth of highly degenerate ground sta
has been investigated in the isosceles triangular Ising ant

FIG. 14. ~Color! The domain configuration in one isosceles t
angular lattice plane of the system, taken att5200 MCS during the
domain growth atH* 5Hs* . A 48a348b subsection of 96a396b
lattice is shown. The blue, silver, and red areas showA8,B8,C8
domains, respectively. The yellow circles denote spins wh
flipped more than one time during the five MCS.
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romagnet CoNb2O6 by ac susceptibility measurements a
Monte Carlo simulations. Ac susceptibility after the fie
quench decreases with time and shows the power-law t
dependence with anuniversal growth exponentn50.21
60.01 both in the fourfold-degenerate AF and field-induc
threefold-degenerate FR phases.

In the AF phase, the prefactor in the power-growth la
which is a measure of the relaxation speed was found
increase rapidly with increasing applied field. This result
dicates that the application of the magnetic field perpend
lar to the isosceles triangular lattice plane strongly s
presses the domain growth in the AF phase. Monte Ca
simulations showed that the exchange field at the magn
chain near the favorable domain wall is exactly canceled
under the isosceles triangular geometry and the domain-
motion due to the reversal of suchfreemagnetic chain domi-
nates the domain growth. With slightly applying the ma
netic field, the thermal fluctuation of free magnetic chain
suppressed owing to the presence of the finite activation
ergy against the applied field and the domain growth
comes slower, being responsible for the field dependenc
the prefactor in the power-growth law. Moreover, we show
that at the late stage thermodynamically equivalent four
domains arrange in the modulated direction (b direction!
with a phase shift ofp/2 at the domain wall and this ob
served domain configuration explains well the temporal s
of the magnetic peak position toward the AF one, obser
in our neutron-scattering measurements.

On the other hand, around the specific field ofHs ~51214
Oe! in the FR phase, the prefactor in the power-growth law
less field independent, although the reversal of free magn
chains and its suppression under the applied field far fromHs
are expected as is in the AF case. Monte Carlo simulati
showed that in contrast to the AF phase where a single t
of domain wall dominates, two types of favorable doma
walls compete throughout the domain growth aroundHs.
This results in asymmetric field dependence of the dom
growth aroundHs.

The obtained growth exponent of CoNb2O6 is the univer-
sal value of 0.21 and is anomalously low compared with1

2 of
a conventional Ising magnet. This universal exponent imp
the existence of the underlying universal growth mechan
governing the growth law in this system. As our Monte Ca
simulation showed, the domain growth in CoNb2O6 is domi-
nated by the reversal offree magnetic chains on the frus
trated isosceles triangular lattice. Therefore, its reversal
occur stochastically and the domain growth will be co
trolled by the stochastic motion of the domain wall, althou
that of a conventional system is driven by reducing the c
vature of the domain wall.1 Such growth mechanism migh
make the domain growth extremely slower and might ca
the observed low exponent in CoNb2O6. In fact, a low
growth exponent of 0.25 was reported in an antiferroelec
K2Ba(NO2)4 where the rearrangement of free 2D planes
electric dipole moments takes place on a frustrated triang
lattice.16 Future theoretical works are required to give dee
understanding of the anomalous growth exponent
CoNb2O6.
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