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Domain growth kinetics in the isosceles triangular Ising antiferromagnet CoNbOg
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We have studied the domain-growth kinetics of fourfold-degenerate antiferroma¢iEji@and threefold-
degenerate ferrimagnetic states in the isosceles triangular Ising antiferromagneOgdiytac 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 exponér2l
+0.01. 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 reversdreé the
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.
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. INTRODUCTION dally amplitude-modulated incommensurdt€) phase £

<q<3). As our previous worksdemonstrated, this system

The kinetics of domain growth toward the equilibrium js characterized by an isosceles triangular lattice Ising model
state for nonconserved order parameter has been widelyith an Ising Hamiltonian given by

studied*? For the Ising system with twofold-degenerate
ground statesdegeneracyp=2), it is well established that
the domain growth proceeds with time €& owing to the H= _JOiEj S‘Si_‘]lizj S'SJ_JZiEj S-S
curvature-driven force. This power-law time dependence is ' ' ’
universal, being independent of the microscopic interactions
and the lattice geometry. _‘]3;] S’Si_g“B; Sj+Hex, (1)

In the Ising system with highly degenerate ground states, _ o _
the situation is not simplé.Since the system can order in Where He, is an external magnetic field arg=2.1. S is
several thermodynamically equivalent ordered states, the déhe spin withS=3 and the summation is taken over the pairs
main growth proceeds through the competition between th&f spins. The ferromagnehc intrachain exchange Interaction
different ordered domains which were nucleated simulta®long thec axis, and nearest- and next-nearest-neighbor
neously just after the quench. From Monte CAMC) simu- antiferromagnetic interchain exchange interactions are given
lations for the two-dimensiona(2D) anisotropic next- PY Jo/ks=0.6015K, J;/kg=—0.0508 K, and J,/kg

nearest-neighbor IsinGANNNI) model for (px 1) uniaxial —0.0812 K, respectively. Further neighbor ferromagnetic
phases withp=3 and p=4,> it appeared that several interchain interaction]; (>0) which is considered to be

weak compared witld; andJ,, is necessary for stabilizing

types of domain walls in the modulated direction influence ; . meaxis i
the domain-growth kinetics. During the domain growth en-m&w"’]m'C cor.relanons allongt SN the AF .phase pelow
’ ' T,~1.9 K [Fig. 1(@]. Since a ratio of effective antiferro-

ergetically favorable domain walls persist, which make the ?
growth kinetics slower and, in some cases, spatially aniso-
tropic.

Despite these numerical works, only a few experimental
work on the domain growth kinetics of the large degenerate
ground states are reported to date. In this paper, we present
the detailed study of the domain growth kinetics of highly
degenerate ground states in CgRp by ac susceptibility
measurements and Monte Carlo simulations. As shown in
Fig. 1, in CoNBOg 1D ferromagnetic zigzag chains running
along thec axis arrange in an isosceles triangular geometry
in thea-b plane. At low temperatures, Co spins are confined
to two different easy axes in the neardyc plane with a

canting angle ofty (=31°) from thec axis, and various g, 1. Magnetic structure ifa) fourfold-degenerate AF arid)
magnetically ordered phases characterized by a propagati@freefold-degenerate FR phases. The solid arrows show Co spins,
wave vector .= (0 g 0) appear; fourfold-degenerate an- confined to the two different easy axes. The zigzag chains running
tiferromagnetic(AF) phase ¢=3), field-induced threefold- along thec axis form an isosceles triangular lattice with interchain
degenerate ferrimagneti®R) phase =3), and sinusoi- antiferromagnetic interaction, andJ, in the a-b plane.

(a) AF
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magnetic interactiond,cos 2,/J; is 0.75 and close to 1.0 of MC results of the domain-growth kinetics in the AF and FR

a triangular Ising antiferromagnet, the system can be rePhases, respectively. Finally, we present our conclusion in

garded as an Ising antiferromagnet with a partially release®ec. V.

triangular geometrical frustration.

Recently, we performed neutron scattering and ac suscep- |l ENERGY CONSIDERATIONS OF DOMAIN WALLS

tibility measu_regr)nents ar=1.5 K_unde_r low applied fields_ A. Fourfold-degenerate AF phase

along thec axis” Neutron scattering directly showed that in ) o

the AF phase the domain growth after the field quench pro- '_A‘S seen in the AF structurg shpwn |n.F|gaIL ferrom_ag—

ceeds according to the power law with anomalously low"etC 1D cham.s along the axis al|gr_1 ant|.ferromagnet.|cally

growth exponenh~0.2. We found that the domain growth along'theb axis and form magnetic_unit .ceII doubling .Of
. . . chemical unit cell along thé axis. Since in the magnetic

along theb axis proceeds faster than along #hexis and is

i | d by th licati f ic fidlg unit cell there exist nonequivalent four 1D chains, the ground
strongly suppressed by the application of magnelic lI€1AS. gaia of the AF state is fourfold degenerated. Consequently,

Simple arguments about an activation energy showed that th&q afier the quench, thermodynamically equivalent four AF
domain-wall motion, mediated by the reversal of energetiyomains nucleate and various types of domain walls will be
cally free magnetic chains close to the domain wall inthe f5rmed. In this section, we present possible types of domain
direction, result; in the spatially anisotropic domalr_1 g_rowth.wa”s during the domain growth in the AF phase and discuss
Moreover, the time dependence of the ac susceptibility datghe activation energy of magnetic chains close to the domain
revealed the power-law growth with=0.21=0.01 in the  walls, which is used to interpret ac susceptibility data and
AF phase and also at the specific field (=1214 O¢ inthe  Monte Carlo results shown later.

FR phase where the extra anomaly of the susceptibility was Figures 2a)—2(e) show possible types of domain walls in
detected in the field-increasing scan after zero-field coolinghe b anda directions in the AF phase. To distinguish four
(ZFO). AF domains, we symbolically labeled those domainsAas

In this paper, we examine the domain-growth kinetics ofB, C, andD; the projection of Co spin on thie-c plane is
the fourfold-degenerate AF and threefold-degenerate FRescribed by a sine-wave form efsin{#(y+3)+ ¢] with a
states by ac susceptibility measurements under magnet@hasep=0, —x/2, w, + m/2, respectively, as shown in Fig.
fields up to 2 kOe along the axis. The measurements of ac 2(f), wherey is a coordinate of spin in the direction. In
susceptibility not only give useful information about the time Figs. 2a)—-2(e), the site dependence of the activation energy
dependence of the number of free magnetic chains whicRf magnetic chain in zero field is also given. The activation
plays a crucial role for the domain growth in this system, butenergy, which was calculated withih andJ,, was defined
also allow us to precisely determine the growth law owing toas an energy per Co spin to be required in order to reverse a
the time-resolved measurements. We will show that the tim@agnetic chain at each site. The magnetic chain with a posi-
dependence of the in-phase susceptibility follows the powetive (zerg activation energy is energetically stalffese) and
law with universal growth exponemt=0.21+0.01 in both ~ requires a finite(no) activation energy to reverse while that
magnetically ordered phases. The analysis of the relaxatiowith a negative activation energy is energetically unstable
data, combined with field-jump measurements show that thand is expected to reverse immediately after the domain wall
application of the magnetic field strongly suppresses the dds formed. The site dependence of the activation energy of
main growth along thé axis in the AF phase, while this is the domain wall betweeA and B domains,A/B shown in
not effective aroundH, in the FR phase. Monte Carlo simu- Fig. 2@), is possible also for th&/C, C/D, D/A domain
lations for an isosceles triangular lattice Ising model showwvalls. Therefore, we call these domain wal&B type. Simi-
that this originates from the different growth mechanism inlarly, energetically nonequivaleA/C-, A/D-, andB/D-type
the FR phase; two types of energetically favorable domairflomain walls exist in thé direction. As is seen for the case
walls compete throughout the domain growth in the FRof the A/D-type in Fig. 2f), the domain wall belonging to
phase while only single type of domain wall dominates in thesame type satisfies same phase-shift condition at the bound-
AF phase. The time dependence of the AF Bragg peak posgry; theA/B-, A/C-, A/D-, andB/D-type domain walls re-
tion observed in our neutron-diffraction study is well ex- sult in the phase shift of sine-wave modulation ®§2, ,
plained by our Monte Carlo results where the domain cons#, and, respectively. On the other hand, in taelirec-
figuration along theb axis with a /2 phase shift was tion, all the domain walls are energetically equivalent within
obtained. J; andJ,.

The organization of the paper is as follows. In Sec. Il, we Just after the quench, energetically unfavorable domain
present the possible types of domain walls between thermaowalls will rapidly diminish and energetically favorable one
dynamically equivalent domain walls in both AF and FR will persist throughout the domain growth. As shown in Fig.
phases and give simple energy considerations. In Sec. Ill &, bothA/B-type andA/C-type domain walls in thé direc-
we present experimental details of ac susceptibility measurdion include energetically unstable magnetic chains close to
ments. Then the ac susceptibility data in the AF and FRhe domain wall. Therefore, at the early stage, those unstable
phases are discussed in Secs. IlIB and Il C, respectivelychains will reverse rapidly, and th&/B- and A/C-type do-
Section IV describes MC simulation results. Section IV Amain walls decay to a combination of tA¢D-type domain
treats MC simulation procedure and gives magnetic phaseall, A/D/C/B and A/D/C, respectively. The transition
diagram determined. Sections IV B and IV C devote to thefrom unstable domain wall to stable one is known as wetting
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(a) A/B —type . (b) A/C —type . (C) A/D —type . (d) B/D —type

2 1
Ep
417187

FIG. 2. Energetically different types of domain walls(@—(d) b and(e) a directions at zero applied field in the AF phase. Hi8-type
includes theA/B, B/C, C/D, D/A domain walls, and thé/C-type includes theéd/C, C/A domain walls, and thé/D-type includes the
A/D, D/C, C/B, B/A domain walls, and th®&/D-type includes thé8/D, D/B domain walls. The open and closed circles denote up and
down magnetic chains, and the thick dashed lines represent domain wall. The magnetic chains depicted by double circles show energetically
free magnetic chains in zero field while those depicted by triple circles show unstable magnetic chains. An activation energy of a magnetic
chain at each site to be reversed in zero field, which was calculated withamd J,, is also given.(f) An example of a domain-wall
configuration due to tha/D type in theb direction. The solid arrows show the projection of Co spin onftfeeplane. At each domain-wall
position, the phase of the sine-wave modulation is shifted-by/2.

transition and was commonly observed for the ANNNIthermal fluctuation of magnetic chains near the domain walls
model® On the other hand, in the case of tWéD- and  which become free to reversedt. Note that similar small
B/D-type domain walls in thé direction, the reversal of peak of the susceptibility in the threefold-degenerate FR
energetically free magnetic chains, on which the exchangphase has been reported for Co®l,0 (Ref. 1) and
field by J; andJ, is canceled out, plays a crucial role. Par- CoBr,-H,0,'2 where the twofold-degenerate antiferromag-
ticularly, for theB/D-type domain wall, certain reversal pro- netic state is stabilized as the zero-field ground state.
cess of free magnetic chains eventually results in the combi- Figures 4a)—4(d) show possible types of domain walls
nation of theA/D-type domain wall. Therefore, in the AF and the site dependence of the activation energy of a
phase, theA/D-type domain wall in theb direction is ex- magnetic chain aHg in the FR phase. As can be seen in
pected to dominate the domain growth along lthaxis. Fig. 4(e), thermodynamically equivalent three FR domains
with the phase¢=0,+35m,— 5= in a sine-wave form of
~sin3m(y+3)+ ¢] are symbolically labeled a&’, B', C’,
respectively. As shown in Fig. 4, th€'/A’-type domain

As shown in Fig. 3, recently, the extra anomaly of the ac
susceptibility was observed at the specific fieldg ‘
~1214 Oe in the FR phase in the field-increasing scan after }
ZFC. Interestingly, as shown in the inset in Fig. 3, this 08¢t i

[

B. Threefold-degenerate FR phase

¥’ {emu/mol)
W
0.15F1,5K(ZFC) l

anomaly showed up only in the field-increasing scan at low 3 o o2
temperatures after ZFC, while it was not detected both in the S 0.6 b DT TN S L
field-decreasing scan at=1.5 K after field cooling(FC) at £ fooo " Tro0 7200 7300 00" 1500
H=2 kOe and in the high-temperature field-increasing scan = 04 H e

at T=1.9 K after ZFC. Within the mean-field theory this *0_2 ]
specific field Hg is very close to the exchange field AF il

2J,/gupcos, (=1260 Og¢. Therefore,Hg can be regarded 0 S ' '

as the magnetic field where the exchange field from two 0 500 ,110?86) 1500 2000

antiferromagnetically coupled spins through becomes of
the same magnitude as the applied field. However, this F|G. 3. In-phase susceptibility’ as a function of the magnetic
anomaly cannot be explained when the formation of the FRield at T=1.5 K after ZFC. The inset shows the enlargement
long-range order is assumed. Therefore, this anomaly of theroundH, where y’ at T=1.5 K both after FC aH=2 kOe and
in-phase susceptibility is considered to originate from thezFC, and aff=1.9 K after ZFC, are shown.
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(a) A'/B —type b (b) A/C —type b () C/A-type p

3

‘\o-i-f

LA (e) A'/C' —type
c A c B, A

FIG. 4. Energetically different types of domain walls(@—(c) b and(d) a directions atH in the FR phase. Withid,; andJ, all the
domain walls in thea direction are energetically equivalent. An activation energy of a magnetic chain to be required to revdrse at
=H,, calculated withinJ; andJ,, is also shown. Thé\'/B’ type includes the\'/B’, B'/C’ domain walls, and thé&'/C’ type includes
theA’/C’, C'/B’, B'/A’ domain walls, and th€'/A’ type includes th&€'/A’ domain wall. Although both th€'/B’ andB’/A’ domain
walls give different site dependence of the activation energy of a magnetic chain from thatAdf @/eone, those walls were included in
the A’/C’ type, because all th€’/B’, B'/A’, andA'/C’' domain walls are energetically equivalent. The open and solid circles represent
up and down magnetic chains, respectively. The magnetic chains depicted by double circles show energetically free magnetitl chains at
while those depicted by triple circles show unstable magnetic chains akbun@) An example of a domain-wall configuration due to the
A’/C’-type in theb direction. The solid arrows show the projection of Co spin onltheplane. At each domain-wall position, the phase
of the sine-wave modulation is shifted byZ .

wall which includes two unstable up magnetic chains is enaroundH,, the measurements of the ac susceptibility after
ergetically unstable aHs. Therefore, theC’'/A’-type do- the quench will give information mainly about the
main wall will decay to theA’/B’-type domain wall through A’/C’-type one.

the reversal of unstable magnetic chains, and two types of
domain walls A’/B’ andA’/C’ types is expected to play

an important role around. Since atHgthe magnetic chain
close to theA’'/C’-type domain wall can reverse freely, the A. Experiment
extra anomaly of the susceptibility &t is considered to

originate from the thermal fluctuation of free magnetic magnetic fields along the axis up to 2 kOe down tor
chains near théA'/C’-type domain wall which were pro- _ 15 k. Since the ac susceptibility is sensitive to the ther-
duced after passing through the first-order IC-FR phase trafng| fluctuation of spins, it is considered that the observed
sition in the increasing magnetic field. The presence of theysceptibility is proportional to the number of free magnetic
domain walls even atls might reflect the fact that the for- chains during the domain growth which are formed around
mation of infinitely long-range up-up-down FR networks the domain wall in thé direction.

from the IC sinusoidal structure requires the complicated re- The single crystal of CoNiDs was prepared with flux-
arrangement of up and down magnetic chains, and is difficulyrowth technique and has dimensions 2255x 7.5 mn¥.

at low temperatures in particular where the thermal fluctuaAn ac field of 0.69 Oe parallel to the magnetic field was
tion of spins becomes less effective. Since among the favompplied at the frequency 523 Hz. We checked that the
able A’/B’- and A’'/C’-type domain walls only the domain-growth law deduced from ac susceptibility data is
A’'IC'-type domain wall includes free magnetic chainsindependent of frequency and is not influenced by ac field.

Ill. AC SUSCEPTIBILITY RESULTS

Ac susceptibility measurements were performed under
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To obtain a nonequilibrium state, the magnetic field was rapwhere x., iS an in-phase susceptibility of a free magnetic
idly removed from the field-induced FR state &t chain, being temperature- and magnetic-field dependent. The
=600 Oe with a sweep rate of 100 Oe/sec, at each measysrefactora(H) means the number of free magnetic chains at
ing temperature. Just after reaching the zero field, the mag=1 and is the measure of relaxation speed. Irrespective of
netic field was applied up to each measuring field in the ARthe strength of the magnetic field, an almost equal growth
case while in the FR case the sample was subjected to stay @ponenin=0.21+0.01 was obtained as shown in Figaf
H=1224 Oe (~Hg before the measurements at the desiredvhich is in good agreement with~0.2 of our neutron-
field start. This treatment which we refer to as RH has thescattering result3.As previous neutron-scattering studies
same effects as the rapid-cooling treatment from paramagevealed, the domain growth along thaxis is suppressed in
netic (PM) state abovel; and has good reproducibility of the AF phase by the application of magnetic field. This im-
measuring data. We defined the origin of time as the timelies that the prefactor(H) which is proportional to the
where the magnetic field was reached at the measuring fieldumber of free magnetic chains increases with increasing the
and monitored time dependence of the ac susceptibility in thenagnetic field. However, the power-law fits of the relaxation
time range up to & 10* sec.

H (Oe) T (K)
B. Fourfold-degenerate AF phase 030190 00 1200 1390 1516 171819

In the inset in Fig. &), we show the time dependence of E b :§ E }
the in-phase susceptibility’ (t) in zero field, taken after RH 02 F ¢ % %: 2 F & } qo2
and slowly decreasing fiel@SH) from H=600 Oe with a < 0 ! [ 1 >
sweep rate of 0.13 Oe/sec. On the time scale of the order of o1 : 1F q o
an hour,y’(t) decreases with time and gradually approaches [ H, (a) 1 (C) H=0]
the equilibrium susceptibilityye,. At t~ 0, x'(t) for RH 9 B e
largely exceeds that for SH, indicating that a large number of ; | (b) ]
domain walls in theb direction remains just after RH. This 3F } : E
result agrees with the neutron-scattering reduhat the RH T s E ! 3
procedure yields small domain size along thexis att~0 \g S ! ]
compared with that of equilibrium state. 1 o000

Figure %a) shows the log-log plot of’(t) at T=1.5 K I
under low applied fields in the AF phase. For all measuring % 100 1100 1200 1300
fields, x’(t) shows an expected linear behavior, indicating H (Ce)

the power-law time dependence pf(t). Assuming that the

time-dependent part of in-phase susceptibility results from FIG. 6. Magnetic-field dependence @j growth exponenh and

the thermal fluctuation of free magnetic chains, the power{b) prefactorsa(H)/a(H=0 Oe) anda(H)/a(H=1224 Oe) of

law equation fory’(t) is given by the AF and FR states, obtained from the ac susceptibility measure-
ments. The solid and open circles show the data of the AF and FR

, , , n states, respectivelyc) Temperature dependence of growth expo-
X' (t,H) = xed H) + Xgred H)[a(H)t "], (2 nentnin zero field.
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FIG. 7. An example of the field-jump susceptibility measure-

ment after RH(a) Time dependence of applied fields. The magnetic

field rapidly changes from 0 Oe to 80 Oe tat,,= 3650 sec, and

returns to zero field after 100 seth) Time dependence of the a(H)  [Xfred H)a(H) i X' (tjump0) — Xed O)
in-phase susceptibility observed in this field-jump measurement. T ’ / :
phiase stscepfbilly ebserved in fhis eidmp measd @(0) [ Xfed 0)@(0) st X' (tiump,H) — xedH)

4

H ... 7. is th | tai fitting th laxati
data shown in Fig. 5 only give the absolute value Ofdaetft[)f Figgm 1;) tOeEV(?tJZE; obtained by fitting the relaxation

[Xfree @(H)] and the magnetic-field dependence afH) By performing the field-jump measurements at all mea-
cannot be determlpeq. Therefore, to extra(:H)_ from the suring fields, the magnetic-field dependencex¢H)/«(0)
observed data, it is indispensable to determjdg. at all  \as determined as shown in Figbf With increasing mag-
measuring fields. netic field from zero field,a(H)/a(0) increases dramati-

To estimateyy,., We performed the field-jump measure- cally. This suggests that large number of free magnetic
ments afl = 1.5 K, where at timey,,,= 3650 sec during the chains, i.e.A/D-type domain wall remain during the domain
relaxation process in zero field the magnetic field wasgrowth by the application of magnetic fields. This slow
jumped to the desired field and then the susceptibility at thigrowth under the magnetic field is interpreted as due to the
field was measured promptly. As an example, the field-jumgact that theA/D-type domain walls become less mobile
data for theH =80 Oe case is shown in Fig. 7. When the owing to the finite activation energy of free magnetic chains
magnetic field is changed til=80 Oe from zero field at to reverse against the magnetic field. The observed data are
tump, the in-phase susceptibility abruptly decreases. Sincgualitatively consistent with the magnetic-field dependence
the number of free magnetic chainstat,,, being propor-  of the prefactor of the power-growth law determined from
tional t0 [x'(tjump0)— Xe(0)1/ X7ee0), is conserved at magnetic correlation length along theaxis®

tjump, the following equation can be obtained: With increasing temperature frofin=1.5 K in zero field,
on the other hand, the decrement)df(t) with time drasti-

X'(tjump.o)—xéq(o) X'(tjump,H)—Xéq(H) cally reduces and the relaxation is restricted within the very

- = - : (3  narrow time interval of several minutes just after RH as
Xired 0) Xired H) shown in Fig. 8. AtT=2.1 K aboveT,, x'(t) is almost

equilibrium value just after the quench and no significant
ftemporal behavior of’(t) was detected. This results indi-
cate the fast relaxation process at higher temperatyf¢s)
well fitted to the power law of Eq(2) and the same growth

WhereXéq(H) is the value determined from the power-law
fittings of the relaxation data. From this equation, the ratio o
in-phase  susceptibility of free magnetic chain,

Xired H)/ Xired0), wasdetermined experimentally. Note that exponent to that af= 1.5 K was obtained irrespective of the

in present study absolute value gf.{H) was not deter- omnerature as shown in Fig(dh This suggests that the

mined, because the exact number of free magnetic Chairb'?)wer-growth law withn=0.21 is maintained all over the
during the domain growth is not clear. With increasing theg phase.

magnetic field, xf(H)/xied0) was found to decrease
monotonically, being qualitatively consistent with the behav-

ior of the 1D magnetic chain with nearest-neighbor ferro- C. Threefold-degenerate FR phase

magnetic intrachain interaction. In the inset in Fig. &), we show the time dependence of
Dividing Eg. (2) for H by that for zero field, and using Eq. x'(t) at T=1.5 K both atH; andH=1000 Qe far fronH,
(3), the prefactor aH is given, usingx(0), by obtained after RH. Whiley’(t) at H=1000 Oe is weakly
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time dependent, that &t dramatically decreases with time.
This means that the domain-growth kineticsHatis domi-
nated by the magnetic chains which can reverse freely at
as discussed in Sec. I B.

Figure 8b) shows the log-log plot of’(t) aroundHg in

the FR phasey’(t) decreases with the power-law time de-

pendence at all measuring fields. As shown in Fig),&he
power-law fits gave the growth exponant0.21+0.01, be-

ing equal to that of the AF state with fourfold-degenerate

ground states.
Moreover, to investigate the behavior ef(H) around

Hg, field-jump measurements were also performed. In this

case, the magnetic field was jumped gt,, from H
=1224 Oe close toH toward a desired field, and the
magnetic-field dependence af(H)/a(H=1224 Oe) was
determined. In contrast to the dramatic increasea¢ifl)
with increasing magnetic field in the AF phasgH)/«(H
=1224 Oe) is nearly field independent arouddas shown
in Fig. 6(b). Taking account that arourtd x'(t) reflects the
number of free magnetic chains around th&C'-type do-
main wall, the annihilation speed of t#e€/C’-type domain
wall may be insensitive to the applied field arouidd. As
will be discussed later, such weak field dependence

a(H)/ a(Hg) can be due to the complicated growth mecha-

nism in the FR phase where another favorahléB’-type
domain wall competes with th&’/C’-type one throughout
the domain growth.

IV. MONTE CARLO RESULTS

A. Simulation procedure and H-T phase diagram

PHYSICAL REVIEW B 69, 144430 (2004

FIG. 9. Magnetic phase diagram obtained by MC simulations.
The hatched areas show the magnetic-field region surveyed in
present study.

(=H/HAFFR) were introducedT}'©/J,S?=0.9 andHA™ R is

the AF-FR critical field. As expected from previous studies,
three magnetically ordered phasgsF (gq=3), IC (3<q
oF ). and FR ¢=3)] were reproduced in our MC study.

The domain-growth kinetics after the quench from the PM

disordered state was studiedTdt= 0.3 for the system with
size 9&x96bx 25c. The magnetic fields in the range 0
<H*=<0.38 for the AF state and in the range 38*
<4.25 aroundH} for the FR state were studied. Hel¢}
(=4.00 is the reduced magnetic field given by
2J,5/(guecostHATR), where the exchange field due to
J, becomes of the same magnitude as the applied field and

To understand the microscopic nature of the domairfheA’/C’-type domain wall shown in Fig.(8) becomes free
growth on the isosceles triangular lattice, MC simulations forto shift along theb axis. By directly examining the spin

the isosceles triangular lattice Ising model were performedconfiguration at every MCS, we counted the number of spin
Instead of usual single-spin-flip method, a cluster heat batfite that gives the phase shift in the sine-wave modulation,
algorithm'® which treats a 1D magnetic chain as a cluster-€., the number of domain walls. The spin-pair correlation
was adopted. We used the Ising Hamiltonian of Etj, function given byG(r)=(S-S,)—(S)* was calculated
where J3/|J,|cos %,=0.05 was assumed. The periodic and the magnetic correlation length along thandb axes
boundary condition was imposed along the directions on th&vas defined as, whereG(r) becomes a half the value at
isosceles triangular lattice, while along the chain the oper=0. To obtain reliable sampling data, the data were aver-
boundary condition was imposed. aged over ten different runs at each measuring field. More-
In Fig. 9, we show the magnetic phase diagram undePVer, in order to avoid percolation effects, we stopped sam-
applied fields parallel to the axis, obtained by our MC Pling the data at the MCS where the correlation length along

simulations with size 12X 24bXx 25c. The zero-field transi-

the b axis becomes about one-fifth of the system size along

tion temperatures and critical fields were determined fronthe b axis.

the magnetic structure factor defined by

M(k)=|> Sexp(Zwikyi)’, (5)

Note that as is seen in the*-T* phase diagram the
critical fields between the FR and Afer IC) phases deter-
mined on increasing field was found to shift toward a con-
siderably high field; this field is beloW s, but far aboveH*

=1 expected from the mean-field theory. This may reflect the
wherek is a wave number in the* direction andy; is @  pinning effect that makes the spin state difficult to relax to-
position of spinS in the b direction. The magnetic structure ward the equilibrium staté!® Such effect can influence the
factor was calculated only for a wave number in #®  growth exponent obtained by the simulations depending on
direction because all the magnetic structures which appeahe algorithm, although the feature of the domain growth is
under applied fields along the axis are characterized by substantially unchangedActually, in present Monte Carlo
Opropa= (0 0).** At each measuring temperature and mag-study the growth exponent both of the AF and FR states,
netic field, M(k) was averaged over 500 MC stépICS)  obtained from the power-law fittings to the correlation length
after discarding first TOMCS. In our study, reduced tem- was in the range from 0.2 to 0.5 and was not uniquely deter-
perature T*(=T/TY®) and magnetic field H* mined. Nevertheless, we emphasize that the precise determi-
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FIG. 11. (a) Time dependence of the number of domain walls in
200 the b direction averaged over thee axis, taken at zero field in the
AF phase(b) Time dependence of the correlation length along the
b axis under applied fields.

five MCS are denoted by yellow circles, while spins which
did not reverse are used to identify each AF domain labeled
asA, B, C, D denoted in Sec. Il A. Figure 14) shows the
time dependence of the number of domain walls in lthe
direction at zero field. Just after the quench unfavorable
B/D-, A/B-, and A/C-type domain walls diminish rapidly
and the most favorablé/D-type domain wall dominates

200 throughout the domain growth and decreases with time. Cor-
respondingly, the number of flipped magnetic chains, which
is considered to contribute to the susceptibility, decreases
with time as shown in Fig. 1@).

As the magnetic field is applied, magnetic chains are less
flipped and the large number of domain walls remain inkhe
direction even at 200 MCS as seen in the domain configura-
tion atH* =0.19 in Fig. 1@b). This behavior is reflected in
the time dependence of the correlation length alonglthe
axis shown in Fig. 1(b); the correlation length at 200 MCS

FIG. 10. (Color) The domain configurations in one isosceles Systematically decreases with increasing magnetic field. This
triangular lattice plane of the system, taken(@tH* =0 and (b) indicates that the magnetic field has a slowing-down effect
H*=0.19 in the AF phase. A 48<48b subsection of 9&x 96b on the domain growth in the AF phase.
lattice is shown. The blue, black, silver, and red areas show It should be emphasized that the time dependence of peak
A,B,C,D domains, respectively. The yellow circles denote spinsposition in the AF phase after RH obtained from our neutron-
which flipped more than one time during the five MCS. scattering resulfscan be explained by the formation of the

A/D-type domain wall in theb direction. As shown in Fig.
nation of the location of the phase boundary and growthl2, in the(3 k 0) reciprocal-lattice scan it was found that just
exponent is far beyond our present purpose and that the pifter RH the magnetic peak in thg direction appears &
ning effect cannot substantially alter our conclusion. slightly smaller than 0.5 of the AF peak position and ap-
proaches 0.5 with time. Under the magnetic field, the devia-
tion of the peak position from 0.5 becomes pronounced com-
pared with the zero-field case. As our MC results showed, in

In Fig. 10@@), we show typical domain configurations in CoNh,Og the A/D-type domain wall is expected to be domi-
one isosceles triangular lattice plane of the system during theant and the thermodynamically equivalent AF domains will
domain growth in zero field. These configurations were ob-arrange along thé direction like A/D/C/B/A/D as shown
tained by averaging spin configurations at this plane ovem Fig. 2(f). Just after RH, the correlation length along the
five MCS; the spins which flipped more than one time duringaxis is not so large, therefore, this arrangement causes the

B. Fourfold-degenerate AF phase

144430-8
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FIG. 12. Time dependence of the peak position in (B 0) - / {6
A'/ B' -type

reciprocal-lattice scan in the AF phase after RH, obtained from our
neutron-scattering studi€¢Ref. 9.

magnetic peak witlg close to 0.5 in the neutron-scattering C/A -
measurements. Particularly, in ti@ k 0) reciprocal-lattice | L type 0
scan, the peak position should be less than 0.5. On the other
hand, if the different types of domain wall are arranged in the
b direction, the magnetic peak position in th8 k 0)
reciprocal-lattice scan should be slightly greater than 0.5 for
the A/B type or exactly at 0.5 for thé/C type andB/D

type. Therefore, the observed peak position shown in Fig. 12
strongly supports the formation of tih¢D-type domain wall

in this system. As the domain growth proceeds, AF network
within each domain develops and the distance between adja-
cent domain walls in thd direction increases. This makes
the peak position more closer to 0.5, being responsible for
the time dependence of the peak position toward 0.5 shown
in Fig. 12.

S|[eMm UreLWOop JO Jaquinu 8y

The number of domain walls

C. Threefold degenerate FR phase

Figures 18a)—13c) show the time dependence of the
number of domain walls in the direction atH* =3.87, 4.0,

: o 0 50 100
and 4.13, respectively, around the specific field tf time (MCS)

(=4.0). In Fig. 14 the domain configuration at 200 MCS at
H*=HY¥ is shown. Just after the quench, the energetically FIG. 13. Time dependence of the number of domain walls in the
favorable A’/C’-type domain wall being mobile ati* is b direction averaged over the axis, taken ata) H* =3.87, (b)
. . . :
dominant and its amount decreases with time. However, df —4-0. and(c) H* =4.13 in the FR phasdd) Time dependence

I )
150 200

(uun g ur) ybus| uonelslion

of the correlation length along thb axis under applied fields

all measuring field thé’/B’ -type domain wall persists even
9 yp P groundH’; .

at the later stage. While magnetic chains close to th
A’/C’-type domain wall flip frequently, those close to the

A'/B'-type domain wall less flip as shown in Fig. 14. This ¢|ydes two unstable up magnetic chains is energetically un-
behavior is in contrast with the AF case where only one typ&;aple, therefore either of two magnetic chains will reverse
of domain wall controls the domain growth in the system. yownward just after th€'/A’-type domain wall is formed.
With slightly changing the magnetic field froig the  as a consequence, the'/A’-type domain wall transforms
time evolution of the correlation length along theaxis is  jnto the A’/B’-type domain wall and the two types of do-
suppressed as shown in Fig.(d8 The behavior arountiy  main wall (A’/B’ andA’/C’ types compete throughout the
is strongly asymmetric with respect td% , which is re-  domain growth as shown in Fig. 8. However, in contrast
flected in the temporal behavior of the number of the domaino the A’/C’-type domain wall, theA’/B’-type one is im-
wall shown in Figs. 169)-13(c). mobile along théd axis because all the magnetic chains close
Now we discuss the growth mechanism arottifl. Just to the domain wall have large activation energy to reverse.
after the quench, thermodynamically equivalent three FR doThis makes theA’/B’-type domain wall stable during the
mains A’,B’,C’) nucleate and three types of domain walls domain growth as shown in Fig. (3.
shown in Figs. 4a)—4(c) are formed in thé direction. Par- With slightly changing the magnetic field froid? , the
ticularly atH* =H} the C'/A’-type domain wall which in-  situation changes dramatically depending on whether applied

144430-9
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H* _ H % romagnet CoNJOg by ac susceptibility measurements and
= g MCS =200 Monte Carlo simulations. Ac susceptibility after the field
i quench decreases with time and shows the power-law time
dependence with amniversal growth exponentn=0.21
+0.01 both in the fourfold-degenerate AF and field-induced
threefold-degenerate FR phases.
In the AF phase, the prefactor in the power-growth law
i which is a measure of the relaxation speed was found to
! v increase rapidly with increasing applied field. This result in-
i e # ! ! dicates that the application of the magnetic field perpendicu-
i lar to the isosceles triangular lattice plane strongly sup-
S . : presses the domain growth in the AF phase. Monte Carlo
a simulations showed that the exchange field at the magnetic
chain near the favorable domain wall is exactly canceled out
FIG. 14. (Color) The domain configuration in one isosceles tri- ynder the isosceles triangular geometry and the domain-wall
angulgr lattice plane of the system, takert=a200 MCS during the  motion due to the reversal of sutiee magnetic chain domi-
domain growth at* =H; . A 48ax48b subsection of %X 960 nates the domain growth. With slightly applying the mag-
Iatt'ce. Is shown. The blue, silver, and. red areas SW\“E} € netic field, the thermal fluctuation of free magnetic chain is
domains, respectively. The yellow circles denote spins which . . L
flipped more than one time during the five MCS. suppressgd owing to the presence of the flnltg activation en-
ergy against the applied field and the domain growth be-
comes slower, being responsible for the field dependence of
the prefactor in the power-growth law. Moreover, we showed
that at the late stage thermodynamically equivalent four AF
domains arrange in the modulated directidm direction

field is larger tharH} or not. This originates from the dif-
ferent decay process of the unstaBld A’ -type domain wall

* * * H H
arqund Hs - When*H <Hs . _also the T“agne“c chains with a phase shift ofr/2 at the domain wall and this ob-
which are free aH [double circles in Fig. &)] become g1 eq domain configuration explains well the temporal shift

energetically unstable. Therefore,_it is possible that certaipy e magnetic peak position toward the AF one, observed
number of theC’'/A’-type domain walls decay to the'in our neutron-scattering measurements.

A'/C’-type one by the reversal of such unstable magnetic o, the other hand, around the specific field-f(=1214
chains. On the other hand, wheff >HZ , the situation i Og) in the FR phase, the prefactor in the power-growth law is
similar to that atH*=HZ and the transition toward the |ess field independent, although the reversal of free magnetic
A’/C’-type domain wall is not likely to occur. The decay chains and its suppression under the applied field far tlgm
process of theC'/A’-type domain wall depending on the are expected as is in the AF case. Monte Carlo simulations
magnetic field leads to different population of the showed that in contrast to the AF phase where a single type
A’/C’-type domain wall atH* =3.87 [Fig. 13@)] andH*  of domain wall dominates, two types of favorable domain
=4.13 [Fig. 13¢)] and is responsible for the asymmetric walls compete throughout the domain growth arothgl
time evolution of the correlation length aroukd shown in  This results in asymmetric field dependence of the domain
Fig. 13d). growth aroundH.
In present MC study, we have shown that the growth The obtained growth exponent of Copy is the univer-
mechanism around the specific field igf is controlled by  sal value of 0.21 and is anomalously low compared Vithf
the two types of domain walls. Experimentally, however, it isa conventional Ising magnet. This universal exponent implies
difficult to extract the time-dependent behavior of hiB’-  the existence of the underlying universal growth mechanism
andA’/C’-type domain walls separately from the ac suscepgoverning the growth law in this system. As our Monte Carlo
tibility data, because ac susceptibility is sensitive only to thesimulation showed, the domain growth in CoXllg is domi-
domain wall which includes free magnetic chains. Only thenated by the reversal dfee magnetic chains on the frus-
high-Q neutron scattering or magnetic x-ray scattering maytrated isosceles triangular lattice. Therefore, its reversal will
distinguish these two types of domain walls, because in theccur stochastically and the domain growth will be con-
reciprocal-lattice space, the domain-wall configuration due tdrolled by the stochastic motion of the domain wall, although
the A’/B’ and A’/C’ types gives different magnetic peak that of a conventional system is driven by reducing the cur-
position in theb* direction, around the FR position &  vature of the domain wafl.Such growth mechanism might
=1 and . Detailed study of the domain growth in the FR make the domain growth extremely slower and might cause
phase by means of the scattering technique will appear elséhe observed low exponent in Copds. In fact, a low
where. growth exponent of 0.25 was reported in an antiferroelectric
K,Ba(NG,), where the rearrangement of free 2D planes of
V. CONCLUSION eIeptri&dipole moment§ takes place on a frustrateq triangular
lattice:® Future theoretical works are required to give deeper
The domain growth of highly degenerate ground statesinderstanding of the anomalous growth exponent of
has been investigated in the isosceles triangular Ising antifelCoNb,Og.
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